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An internal combustion engine

TECHNICAL FIELD

The present invention relates to an internal combustion engine and a method of improving

efficiency of an internal combustion engine.

The invention may be applied in a variety of combustion engines. The invention is,
however, particular advantageous when applied for engines configured for heavy-duty
application such as in trucks, busses, construction equipment, marine applications and

stationary applications etc.

Although the invention will, in the below, be described with respect to application in a

truck, the invention is not in any way limited to this particular application.

BACKGROUND

Heavy duty internal combustion engines are well known in the art.

In order to minimize fuel consumption, recent internal combustion engines may be
provided with advanced turbine systems configured for recovering energy in the exhaust
gas flow. The advanced turbine systems may, in a first section, include a turbocharger
arranged in the exhaust gas flow downstream the engine. The turbocharger is configured
to convert energy from the exhaust gas into pressure increase of the intake air. In a
second section, the advanced turbine system may, downstream the turbocharger, include
a turbo-compound unit configured to convert at least a part of the remaining energy in the
exhaust gas into rotational movement of a shaft. The rotational movement of the shaft is

transferred as a torque contribution to the crankshaft of the engine.

Other known turbine systems include, as an example, two turbochargers arranged in
series such that the intake air is compressed in two stages comprising an initial
compression by means of one of the turbochargers, and a final compression by means of

the second turbocharger.

The use of advanced turbine systems has proven to provide significant advantages;

especially with respect to fuel efficiency.
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In order to reduce in particular nitrogen oxide (NOx) emissions, the formation of which is
highly dependent on the temperature in the combustion chamber, exhaust gas
recirculation systems (EGR) have been used widely for many years. NOx is produced in a
relatively narrow band of high cylinder temperatures and pressures. The recirculation of
exhaust gas in effect dilutes oxygen level in the intake air by supplying gases inert to
combustion; thereby acting as absorbents of combustion heat to reduce cylinder

temperatures.

In a high pressure external EGR system (sometimes referred to as short route EGR
system), exhaust gas is branched off from the flow of exhaust gas upstream any turbine
provided in the exhaust system whereas, in a low pressure external EGR system
(sometimes referred to as long route EGR system), the exhaust gas is branched off from
the flow of exhaust gas downstream any turbine provided in the exhaust system;
sometimes also downstream any catalytic converter and/or any exhaust gas particulate
filter. Internal EGR systems where parts of the exhaust gas is left in the cylinder have also

been proposed.

Especially, but not exclusively, in transient parts of engine operation cycles, the flow of
exhaust gas recirculation may not be sufficient to provide the effects mentioned above as,
on engines provided with advanced turbine system in combination with EGR systems, the
differential pressure between the exhaust gas system and the pressurised intake system
may not be sufficient to facilitate the EGR flow required to control engine emissions
(NOXx).

One way of handling EGR for engines with higher pressure on intake side than on
exhaust side is to make use of a technique known as VGT (Variable Geometry Turbine)
where the turbine flow area is reduced until the backpressure in the exhaust manifold is
sufficient to establish an EGR drive. This reduces the turbo efficiency but the technique is
functional since it can be adjusted to different engine operating modes. Another way is to
add back pressure by arranging a further exhaust turbine downstream the turbo turbine
allowing recovering of some of the energy via the further turbine. This is often referred to
as turbocompound. It has further been proposed to arrange a pump/compressor in the
EGR system for feeding gas from the exhaust side to the intake side. Such a design is,

however, rare on commercial engines, possibly due to durability problems. Also low
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pressure EGR systems has been proposed for engines having higher pressure on intake
side than on exhaust side. A general drawback of low pressure EGR is that it adds more
weight and cost and requires more space than high pressure EGR. Generally, the main
focus for engines of this type is set on improving various VGT and turbocompound

designs.

Another approach for increasing engine efficiency is the use of early or late closing of
intake valves so that the intake valve either closes some instances before the piston
reaches its bottom dead center (BDC) during the intake stroke, to allow a smaller amount
of air to enter the cylinder than with normal closing at BDC, or so that the intake valve
closes some instances after the piston has left the BDC at the beginning of the
compression stroke, so that some air is expelled back to the intake system at the
beginning of the compression stroke. This is often referred to as (early and late) Miller-
type timing for the intake valves. The advantage of an engine operating according to the
Miller-type intake valve timing is that the engine’s expansion ratio in effect is greater than
the compression ratio. Engines operating according to this principle are often referred to
as “over expanded engines”. Miller engines provided with high efficiency pressure
charging systems suffer, however, from offering no or very limited EGR flow. An effect of
this is that two lines in engine development can be discerned: one line where the engines
are based on Miller-type valve timing but where alternatives to EGR are used for reducing
NOx; and another line where the engines are based on regular valve timing and the use of
EGR.

As exemplified above there are many ways of increasing the efficiency of internal
combustion engine systems and there is a general desire to improve the internal
combustion engine technology even further to reduce fuel consumption as well as to
reduce emissions; in particular the NOx emissions — while, at the same time, maintaining

satisfactory power level and service life of the internal combustion engines.

SUMMARY

An object of the present invention is to provide a high efficiency internal combustion
engine configured for offering lower fuel consumption and/or lower emissions; in particular

lower NOx emissions.
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The present invention enables EGR flow during all operation cycles in internal combustion
engines not being able to establish sufficient differential pressure between the exhaust
system and the pressurised intake system, even when the engine is operated according
to the Miller-type valve timing principles. By this, an internal combustion engine offering
reduced fuel consumption, lower emissions and more flexible engine operating cycles in
terms of emissions versus speed and load is provided while maintaining, or even

increasing, service life.

According to a first aspect of the invention, the object is achieved by an internal

combustion engine according to the appended claims.

The object is achieved by an internal combustion engine comprising a crankshaft, one or
more cylinders including a cylinder head, a piston, a combustion chamber, one or more
intake valves, one or more exhaust valves, an intake system configured for feeding intake
air to the engine, an exhaust system configured for conveying exhaust gas away from the
engine, a pressure charging system connected to the intake system and an exhaust gas
recirculation (EGR) system arranged to feed branched off exhaust gas from the exhaust

system to the intake system via an EGR conduit wherein:

— the internal combustion engine includes a valve actuation device configured to
allow for late or early closing of the intake valves in accordance with late or early
Miller-type valve timing, and wherein

— the EGR system includes a gas feeding device configured to feed exhaust gas
through the EGR conduit in modes of operation wherein the pressure in the intake
system exceeds the pressure in the exhaust system,

— wherein the gas feeding device is a displacement pump and wherein the gas
feeding device is arranged so that exhaust gas recirculating in the EGR system
during operation of the engine passes the gas feeding device before being mixed

with intake air in the intake system.

The joint combination of i) a gas feeding device in the form of a displacement pump
arranged to feed pressurised exhaust gas through an EGR conduit and, downstream the
displacement pump, into the intake system (that has a higher pressure than the exhaust

system), and ii) late or early closing of the intake valves according to the principles for
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Miller-type valve timing in a pressure charged engine, together allows for optimization of
the engine in all modes of operation, transient as well as designed, and has the
advantage of maintaining a low NOx emission while at the same time lowering the fuel
consumption. A particular advantage is that it allows for a sufficient flow of EGR in a high
pressure EGR system even when using a high efficiency pressure charging system
(including e.g. a turbocharger with an efficiency > 60%), which enhances the effects of the
Miller-type valve timing. In addition, the gas feeding device can both increase the
pressure on the engine intake side and reduce the pressure on the engine exhaust side,

which also enhances the effects of the Miller-type valve timing.

An advantage of using a displacement pump compared to e.g. a radial compressor is that
the displacement pump is not only capable of handling pressure pulses without losing
efficiency or causing flow instabilities (pulsating flows are difficult to handle in a radial
compressor) but also capable of utilizing pressure pulses in the exhaust system for at
least partly driving the pump as the pulses passes the pump. This and other advantages

of using a displacement pump are further explained below.

It may be noted that what is mentioned above about operation modes where the pressure
is higher in the intake system than in the exhaust system refers to general values over
some reasonably long time period. Occasionally, and typically when the exhaust valves
open and exhaust pulses are produced, the pressure can be higher on the exhaust side
than on the intake side even if the pressure generally is higher in the intake system than

in the exhaust system.

As specified above, the gas feeding device/displacement pump is arranged so that
exhaust gas recirculating in the EGR system during operation of the engine passes the
gas feeding device before being mixed with intake air in the intake system. This means,
for instance, that the EGR conduit does not connect to the intake system for mixing of
EGR and intake air upstream of the gas feeding device (where “upstream of” refers to the
flow of intake air in the intake system), which would make it possible for highly
pressurized intake air to flow through the EGR conduit instead of through the gas feeding
device and further towards the cylinders. Thus, the gas feeding device is arranged so that
only exhaust gas, and no fresh intake air, reaches an inlet of the gas feeding device

during exhaust gas recirculation.
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In an embodiment the EGR conduit is arranged to connect to the exhaust system at a first
connection point and arranged to connect to the intake system at a second connection
point, wherein the gas feeding device is arranged in the EGR conduit between said first
and second connection points. Thus, the gas feeding device/displacement pump is
arranged in the EGR conduit in a position upstream of (with reference to the EGR flow)
the second connection point where the EGR flow mixes with the intake air during

operation of the engine.

In an embodiment the pressure charging system comprises a compressor arranged in the
intake system and a turbine arranged in the exhaust system and wherein the EGR conduit
is arranged to connect to the intake system downstream the compressor and to connect
to the exhaust system upstream the turbine so as to form a high pressure EGR system. A
high pressure EGR system is conventionally considered unsuitable for an engine with
Miller-type valve timing but the use of the gas feeding device/displacement pump
according to above makes the high pressure EGR system suitable in this case. Compared
to a low pressure EGR system the high pressure EGR system provides for a higher total
efficiency since the steps of expanding and then compressing the exhaust gas in a low

pressure EGR system lead to a loss in total efficiency.

The gas feeding device in the EGR system may be driven in various modes which has, as
one example, the advantage that the EGR system can be driven independently from, or in
response to, the available differential pressure between the exhaust system and the
intake system while also allowing for operation in dependence of different operating

conditions - which will be explained in greater detail below.

Late or early closing of the intake valves, compared to closing of intake valves in
conventional four stroke engine cycles such as Otto-engines, increases, as explained
above, the effective expansion ratio of the engine. This in turn results in increased engine
efficiency as the early or late closing of the intake valves results in, that the effective
swept volume during inlet (early Miller-type valve timing) or during compression (late
Miller-type valve timing) is reduced. The reduced swept volume may be compensated for
by increasing the pressure in the intake system, e.g. by means of a pressure charging

system.



10

15

20

25

30

WO 2020/002571 PCT/EP2019/067287

7

In order to allow for exhaust gas from the EGR system to enter the intake system, the
pressure in the EGR system must be matched, or pressurised, to exceed the pressure in
the intake system to ascertain that a sufficient volume of exhaust gas enters the intake
system. The gas feeding device will provide for such a pressure increase of the exhaust
gas; thereby offering the abovementioned advantages in accordance with an aspect of the

present invention.

Miller-type valve timing may be provided, for example, by a fixed valve actuation system
such as a fixed or rotationally displaceable camshaft. Another example is variable valve
actuation systems configured to vary cam profile and timing. Yet another type of variable
valve actuation system is a fully variable valve actuation system, that may operate the
individual valves separately via a control system. A fully variable valve actuation system
may, as examples, be operated by electro-magnetic or electro-hydraulic, electro-
hydraulic-pneumatic, electro-hydraulic-pneumatic, electro-pneumatic, pneumatic or

hydraulic actuators.

According to one embodiment, the engine may further include an EGR bypass conduit
arranged to bypass the gas feeding device. By this, EGR flow may be provided via natural
or unassisted flow. It may be desirable to bypass the gas feeding device under
circumstances, where the pressure in the exhaust system is sufficient for the EGR system
to deliver a sufficient flow rate of exhaust gas to the intake system, as the energy
efficiency of the engine is further improved when no pump work is applied to the EGR
stream. One or more bypass valves may optionally be provided in the bypass conduit or

elsewhere in the EGR system for controlling the bypass flow.

According to a further embodiment, the EGR system may include an EGR valve
configured for controlling flow of gas in the EGR system. The gas feeding device may, in
some embodiments, be used as EGR valve so a separate EGR valve may not be
required. Moreover, the gas feeding device may be used for measuring and/or validating
the EGR flow. Hereby the exact amount of exhaust gas can be controlled according to the

requirements.

According to a further embodiment, the EGR system may include an exhaust gas cooler,

or EGR cooler, arranged in the EGR conduit upstream and/or downstream the gas
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feeding device. By this, colder, and thereby more dense, exhaust gas may be provided to

the intake system while lowering the combustion temperature.

According to a further embodiment, the gas feeding device may be configured for

pressurising the EGR system as follows:

- AP gas feeding device = (P Intake System — P Exhaust System) + AP EGR system

By this, an EGR system configured facilitating EGR in all modes of operation is provided.
Moreover, it is ensured that the necessary amount of exhaust gas may be returned to the
intake system. The overall pressure difference between the intake system, P Intake

System, and the exhaust system, P Exhaust System, as well as possible pressure losses,

AP EGR system, in the EGR system may be overcome to provide the intended effect.

Advantageously the gas feeding device may be adapted to produce a pressure at least
corresponding to the pressure in the intake system, which will correspond to the pressure

delivered by the pressure charging system.

In various embodiments, the EGR system may constitute a high or low pressure external
EGR system c.f. the introductory part of this specification. A high pressure EGR system

will typically be the preferred solution due to its efficiency and simplicity.

According to a further embodiment, the gas feeding device/displacement pump is of a
Roots blower type having a pair of rotary members provided with meshing lobes. By this,
an effective and flow controlling pump allowing also for inverted pump operation is
provided. In alternative embodiments, the gas feeding device may constitute another type

of positive displacement pump.

A gas feeding device of the displacement type does not have internal compression; such
a gas feeding device will thus only create compression work when the outlet pressure is
higher than the inlet pressure of the gas feeding device. Since the exhaust gas pressure
is pulsating, the work required by the gas feeding device is minimized. Each time an
exhaust pulse reaches and passes the displacement pump the power required to drive the
pump is reduced. For a pump with internal compression (screw, centrifugal, piston, radial

compressors, etc.) there is a discharge loss every time there is a lower pressure
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compared to the pressure built up in the pump. Therefore, the characteristics of a
displacement pump are more suitable for feeding, or pumping, exhaust gas.

A particularly suitable pump is a so-called Roots blower which is a positive displacement
pump operative to pump a fluid by means of rotation of a pair of meshing lobes; not unlike
a set of stretched gears. Fluid is trapped in pockets surrounding the lobes and carried
from the inlet side of the pump (i.e. the exhaust system in the application according to the
present invention) to the outlet side of the pump (i.e. the intake system in the application

according to the present invention).

Additionally, a displacement pump is not as sensitive to changes in intake or outlet
conditions as, for example, a centrifugal compressor is. The operation of a centrifugal

compressor moreover suffers severely from fluctuating intake pressure.

Drawbacks of arranging a radial compressor (with internal compression) for feeding
exhaust gas in the EGR system can be summarized as follows: i) energy is wasted when
compression occurs as compressed gas is dumped at each pressure variation; ii)
condensed water in the EGR is likely to damage the impeller of the radial wheel; iii) a
radial compressor simply does not function together with pulsating exhaust flow (It would
have to be dampened prior to entering the compressor/pump with large energy losses as
a result. Both surge (the flow stalls) and choke will occur. Surge means instability in the
flow and that the compressor in principle does not function at all. Choke means very low
efficiency and risk for oil leakage from the bearing system etc.); and iv) a radial
compressor would introduce a high risk for surge in the turbo compressor since it has a
strong relation between pressure ratio and flow (a high EGR flow requires a high pressure
ratio which is likely to lead to surge in the turbo compressor). Such drawbacks are

avoided with a displacement pump.

The displacement type gas feeding device characteristics may allow for omission of EGR
flow measurement and control devices such as valves etc. as pump speed data in
correlation with pump characteristics as well as temperature of the pumped medium is
indicative of the flow through the EGR system. If a pump speed of the displacement pump
is zero, no exhaust gas will flow through the gas feeding device (except for some minor

leakage).
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According to a further embodiment, the gas feeding device may be connected to, and

driven by, an EGR drive unit.

According to a further embodiment, the EGR drive unit may be configured to be driven by
the gas feeding device to generate a power output. By this, power take off in a compound
mode is made possible. In compound mode, it is thus possible to recover energy from the
gas feeding device when driving the gas feeding device by means of the flow of exhaust
gas; such as in conditions when there is a higher pressure in the exhaust system than in

the intake system.

According to a further exemplary embodiment, the engine may include an EGR drive unit
configured for driving the gas feeding device as well as an energy receiving unit
configured to be driven by the gas feeding device. The energy receiving unit may be
configured for converting energy from the gas feeding device into electrical power,
mechanical power including hydraulic and/or pneumatic power etc. This embodiment may
moreover include gear or coupling means configured to facilitate switching between the

operational modes.

According to a further embodiment, the EGR drive unit may constitute an electrical motor
or a mechanical drive, such as a belt drive or a chain drive or a gear drive or a hydraulic
drive or a pneumatic drive, configured for transferring energy to the engine or to an

energy reservoir such as a battery or a capacitor.

According to a further embodiment the EGR drive unit constitutes an electrical motor or a

mechanical drive connected to the crankshaft.

According to a further embodiment the EGR drive unit is configured for transferring energy

to the engine or to an energy reservoir such as a battery or a capacitor.

According to a further embodiment, the power output from the EGR drive unit may be

used for operating the engine in compound mode.

According to a further embodiment, the gas feeding device is connected to the EGR drive
unit via a rotatable drive connection. The rotatable drive connection may form a

connection between a rotary part of the displacement pump, such as the rotary members
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provided with meshing lobes of a roots blower, and a rotary part of the EGR drive unit,

such as the driving/driven shaft of an electric motor/generator.

According to a further embodiment, the rotatable drive connection comprises a first shaft
member connected to the EGR drive unit and a second shaft member connected to the
gas feeding device, wherein the first and second shaft members are connected via a
freewheel mechanism configured to allow the second shaft member to rotate at a higher
speed than the first shaft member in an operation mode where the first shaft member
forms a driving shaft and the second shaft member forms a driven shaft and exhaust gas
is fed through the EGR conduit. Accordingly, the freewheel mechanism provides at least
for the possibility of letting a rotary part of the gas feeding device/displacement pump to
rotate at a higher rotation speed than the driving rotation speed of the EGR drive unit.
This is of particular interest for allowing the rotation speed of the displacement pump to
increase when an exhaust gas pressure pulse reaches the pump so as to further utilize

the energy provided in the exhaust pulse.

That the second shaft member is allowed to rotate at a higher speed than the first shaft
member in an operation mode where the first shaft member forms a driving shaft and the
second shaft member forms a driven shaft and exhaust gas is fed through the EGR
conduit is intended to only relate to the rotational direction of the freewheel function; it
should not be interpreted as limiting the operation mode. In other words, the second shaft
can rotate freely in the same direction as it rotates when the displacement device is driven
by the EGR drive unit and feeds exhaust gas towards the intake system. This means that
the second shaft can rotate freely in the same direction also when the EGR drive unit is

stationary.

A freewheel mechanism is a device for connecting two rotatable shafts where the shafts
are coupled in one rotational direction and uncoupled in the other direction. In a
transmission, such as the rotatable drive connection between the gas feeding device and
the EGR drive unit, the freewheel mechanism disengages the driveshaft from the driven
shaft when the driven shaft rotates faster than the driveshaft. Freewheel mechanisms are
well known as such. A freewheel mechanism may be equipped with a locking
arrangement which locks the shafts together independently of rotational speed or
rotational direction. An example of a lockable freewheel mechanism is disclosed in
US2041445.
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Providing the rotatable drive connection between the gas feeding device and the EGR
drive unit with a freewheel mechanism according to above has several advantages:

1. It effectively transforms the displacement pump into a check valve with low flow
resistance. A pulse coming from the exhaust manifold is allowed to pass the pump and if
the pulse is large enough the speed of the pump will even increase. On the other hand, a
pulse moving in the opposite direction will stop at the pump.

2. It increases the operating range over which the pump does not require driving
power from the EGR drive unit while still provides enough EGR flow to the engine intake
system.

3. It makes the engine system as a whole more robust with less impeded drivability in
case of failure of the EGR drive unit since enough EGR can still be provided in parts of
the engine operating range and some EGR can still be provided a large part of the engine
operating range.

4. It puts less stress on the pump in case the drive unit for some reason shuts down
rapidly since the pump is still allowed to rotate freely

5. It puts less stress on the EGR drive unit since the EGR drive unit can be shut

down (in a controlled manner) in parts of the engine operating range.

According to a further embodiment, the freewheel mechanism is provided with a locking
function configured to rotationally lock the first and second shaft members to each other.
This may be advantageous in situations when the gas feeding device/displacement pump
is driven by the EGR drive unit but in particular this is of interest when operating the
engine and the gas feeding device/displacement pump in energy recovery mode
(compound mode) where the displacement pump drives the EGR drive unit and the EGR
drive unit generates a power output. The locking function is also of interest for driving the

gas feeding device/displacement device in a reversed mode (backwards).

According to a further embodiment, the engine, the gas feeding device and the EGR drive
unit are configured for operation in a first mode and in a second mode wherein, in first
mode, the gas feeding device and the EGR drive unit are configured for feeding exhaust
gas into the intake system by pressurising the exhaust gas, and, in second mode,
supplying pressure to the pressure charging system. By this, the pressure charging

system may be pressurised by means of the EGR system. This is beneficial e.g. in
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operating conditions wherein the turbine in the pressure charging system is operating

below desired speed, i.e. to assist turbocharger spin up and thereby reducing turbo lag.

According to a further embodiment, the gas feeding unit and the EGR drive unit may be
configured for supplying pressure to the pressure charging system by operating in an
least partially reversed mode of operation. By this, the gas feeding unit feeds the exhaust

gas to the pressure charging system instead of into the intake system.

According to a further embodiment, the engine may further include a gas re-directing
system configured for conveying gas pressurised by the gas feeding device to the

pressure charging system.

According to a further embodiment, the engine may include one or more flow control

valves operative to control the flow of gas in the gas re-directing system.

According to a further embodiment, the valve actuation device configured for operating
the intake valves may be a variable valve actuation device such as a variable camshaft or
an electronically controlled system configured for individual valve actuation. By this, Miller-

type valve timing of the intake valves are provided; possibly in a dynamic manner.

According to a further embodiment, the valve actuation device may be configured or
controlled to keep the intake valves open until the crankshaft reaches the range of 580
CAD to 680 CAD, preferably the range of 600 CAD to 650 CAD. These are typical values
for late Miller-type valve timing. However, the exact value to be used depends on the

particular engine, valves, valve seats, etc.

According to a further embodiment, the valve actuation device may be configured or
controlled to keep the intake valves open until the crankshaft reaches the range of 500
CAD to 560 CAD, preferably the range of 520 CAD to 550 CAD. These are typical values
for early Miller-type valve timing. However, the exact value to be used depends on the

particular engine, valves, valve seats, etc.

The selection of the desired timing, in late as well as in early Miller-type valve timing
engines, may, in some embodiments, take place dynamically and in accordance the

operating conditions - where the abovementioned ranges have shown desirable results.
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In some embodiments, the valve actuation device may be configured to, or operated to,
control the intake valves dynamically across the ranges listed under late Miller-type valve

timing and early Miller-type valve timing.

According to one example embodiment, the valve actuation device may be a camshaft
such as a camshaft for the intake valves in a DOHC engine. The intake valves are in such
embodiment arranged to be operated, of lifted, by the camshaft; possibly via intermediate
mechanisms. Early Miller-type valve timing as well as late Miller-type valve timing can be
achieved with a fixed camshaft as the timing of the intake valve opening may be

controlled by controlling the timing of the camshaft with respect to the crankshaft.

The Variable Valve Actuation (VVA) device may constitute a variable camshaft or a VVA
system with individual valve actuation. A VVA system is preferred due to its versatility for
different operating parameters. A fully variable VVA system, where the valve timing, i.e.
opening and closure of the intake valves, may be controlled individually for each valve
and hence each cylinder is considered preferable. A VVA system may, as examples, be
operated by electro-magnetic or electro-hydraulic forces to open the valves. In further
examples, electro-hydraulic-pneumatic, electro-hydraulic-pneumatic, electro-pneumatic,

pneumatic or hydraulic actuators.

The VVA device will provide for increased flexibility in the system and, by incorporating a
full VVA system, both early and late Miller-type valve timing may be achieved by the same

system.

Variable opening and closing of the intake valves have the advantage of allowing for late
and/or early Miller-type valve timing dependent on specific operating parameters, for
example controlling the engine to operate in different theoretic stroke volumes for different

operating cycles.

According to a further embodiment the pressure charging system may be configured for
establishing an intake pressure in the intake system which is higher than a pressure in the

exhaust system. By this, increased engine efficiency is provided.
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According to a further embodiment, the pressure charging system may include a
turbocharger in the form of a single turbocharger, a twin turbocharger system, a variable
geometry turbine or a turbo-compound as well as, as an example, a turbocharger and a
turbo compound unit arranged downstream the turbocharger. According to another
example embodiment, the pressure charging system may include one or more electrically
or mechanically driven blowers or compressors. The mentioned pressure charging
systems may all provide for a positive pressure difference over the engine, i.e. a state of
operation where the pressure in the intake system is higher than in the exhaust system.
However, a single turbocharger, a twin turbocharger, a variable geometry turbo or a turbo-
compound will most often be the preferred solutions, as these will contribute to the overall
fuel economy at least through their utilization of the exhaust gas energy for driving the
intake side pressure creation. In case of using a pressure charging system involving an
exhaust side turbine, the pressure in the intake system is preferably higher than the pre-

turbine pressure, i.e. the pressure before the turbine.

Commonly used turbochargers have an efficiency of about 50-55%. Turbochargers having
efficiencies above 55% are considered efficient turbocharges and turbocharges having

efficiencies above 60% are considered high efficiency turbochargers.

Efficiency of a turbocharger is related to the ratio of the air pressure after the compressor
compared to the air pressure before the compressor but involves also other parameters,

such as change of temperature for a given change of pressure.

The engine described here may be operated with a common turbocharger however it

should be noted that higher turbo efficiency results in higher efficiency of the engine.

According to a preferred example embodiment, the pressure charging system may include
a high efficiency turbocharger with a compressor and an exhaust side turbine configured
to boost a higher pressure than the pre-turbine pressure in the exhaust system. The high
efficiency turbocharger releases the full potential of the concept. It can be a high efficiency
single stage turbo, dual stage turbo (DST) or even a high efficiency Variable Geometry
Turbocharger (VGT).
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The combination of a displacement type gas feeding device, a high efficiency turbo
system and a fully variable valve actuation (VVA) system results in an engine operating

with high efficiency and low NOx levels in all operating conditions.

The efficiency of the engine is further improved by handling and utilizing the exhaust
pulses in the EGR displacement pump as described previously. Further improvements of
the engine efficiency related to the exhaust pulses (along with other advantages) can be
obtained by means of the freewheel mechanism in the driving connection between the
displacement pump and the EGR drive unit as also described previously. Pulse utilization
can also be applied to a turbine connected to the pressure charging system (i.e. the
turbine of a turbocharging system). The engine can thus preferably be provided with a
turbine (or several turbines) as well as an EGR pump that both are utilizing the dynamic

energy from the blow down pulses generated when the exhaust valve opens.

The turbo turbine is preferably a high efficient pulse utilizing turbine with two volutes that
are either sector dived with approximately 180 degree each or with an axial division where
the two volutes enters the complete 360 deg in parallel. (e.g. one exhaust branch with a
separate turbine inlet for cylinders 1-3 and one for cylinder 4-6, respectively, for a six-
cylinder engine) . These designs may also enable an improved component efficiency
since turbines of these designs will have larger critical flow area than constant pressure
turbines. Lager components enable higher efficiency. However, a plurality of turbines with
one turbine for each exhaust branch may be the variant with the highest turbo efficiency
due to perfect separation between the exhaust branches and thereby high pulse

utilization. A high turbo efficiency leads to improved Miller concept efficiency.

To efficiently utilize the energy in the exhaust pulses the volume ratio between the pre-
turbine exhaust and the cylinder displacement of the engine (for one cylinder) should be
below 2.0 (e.g. <1 L exhaust volume and > 0,5 L cylinder displacement volume for one
cylinder). Further, this is the exhaust conduit volume for one exhaust branch (typically 2, 3
or 4 cylinders in one branch for a 4, 6 or 8 cyl engine) divided by the swept cylinder
volume of one cylinder. The volume of the EGR conduit is excluded here. The exhaust
volume is thus calculated as (for one branch): the sum of the exhaust ports, exhaust

manifold & turbine volute volumes for that branch.



10

15

20

25

30

35

WO 2020/002571 PCT/EP2019/067287
17

For best overall functionality the pulse utilizing turbine should have a high boosting

efficiency while keeping back pressure low for best Miller cycle efficiency.

To utilize the exhaust pulses efficiently the cross-sectional area of the flow path from the
exhaust port to the turbine inlet should not be too narrow. A minimum value for the ratio
between the cross-sectional area and the exhaust conduit volume of one branch along the

flow path may in some cases be 0.5 (i.e. min A_exh/V_exh).

To further enhance pulse utilization it is useful to “isolate” the pulses in the exhaust
(besides the geometrical requirements mentioned above). Perfect isolation can be
achieved with a separate turbine for each exhaust branch/exhaust cavity as mentioned
above. This will have no cross flow area between the branches (for a single entry turbine
housing). Second best pulse isolation can be achieved with a sector divided turbine. If it
has a nozzle with divider all the way close to the turbine wheel, it will further reduce the
cross flow area. Third best option is likely to be a twin entry turbine with axial division of
the turbine inlets. A fourth option is a single entry turbine, with exhaust gas from all
cylinders entering from the same exhaust manifold. This is also to some extent pulse

utilizing.

According to a second aspect of the present invention, the object is achieved by a method

according to the appended claims.

The method includes a first mode of operation and a second mode of operation.

The object is achieved by a method of improving efficiency of an internal combustion
engine wherein the engine comprises a crankshaft, one or more cylinders including a
cylinder head, a piston, a combustion chamber, one or more intake valves operated in
accordance with late and/or early Miller-type valve timing, one or more exhaust valves, an
intake system configured for feeding intake air to the engine, an exhaust system
configured for conveying exhaust gas away from the engine, an exhaust gas recirculation
(EGR) system including a gas feeding device in the form of a displacement pump
connected to an EGR drive unit, wherein the gas feeding device is configured to feed
exhaust gas branched off from the exhaust system through an EGR conduit and,
downstream the gas feeding device, feed the branched off exhaust gas into the intake

system, the engine further comprising a pressure charging system connected to the intake
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system. The method includes the steps of:

— operating the internal combustion engine under such conditions that the pressure

in the intake system exceeds or is substantially similar to the pressure in the
5 exhaust system, and

— operating the gas feeding device to pressurise and thereby supply branched off
exhaust gas to the intake system,

or

— operating the internal combustion engine under such conditions that the pressure

10 in the exhaust system is higher than the pressure in the intake system,
— configuring the EGR system and/or the EGR drive unit to be driven by the gas

feeding device so as to generate a power output, and

— operating the engine so as to drive the gas feeding device by means of exhaust
15 gas flowing from the exhaust system to the intake system and thereby operate the
gas feeding device in an energy recovery mode where the EGR drive unit

generates a power output.

By this, and as mentioned above under the first aspect, maintaining a low NO, emission
20 level while at the same time lowering the fuel consumption in all operating conditions is

achieved.

In some embodiments, the method according to the second aspect of the present
invention as well as the control unit may be configured for switching between the first and

25 the second mode of operation.

The second mode of operation has been found to be particularly beneficial in heavy-duty

applications such as for e.g. excavators etc.

30 According to a further embodiment, the method of operating the internal combustion
engine under such conditions that the pressure in the exhaust system is higher than the

pressure in the intake system includes the step of:

— conveying the power output to an energy reservoir such as a battery or a capacitor

35 or conveying the power output to the engine.
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According to a further embodiment, the method includes the step of:

— in operating conditions wherein the pressure in the exhaust system is lower than
the pressure in the intake system, or in operating conditions wherein a turbine of
the pressure charging system operates below desired speed, operating the EGR
system in reversed mode, or at least partially reversed mode, such that the gas

feeding device supplies pressure to the pressure charging system.

By this, low end performance of the engine may be improved.

According to a further embodiment, the method includes the steps of:

— operating a re-directing system configured to re-direct flow of exhaust gas from the
gas feeding device to the turbine by operating valves in the re-directing system to

close the EGR feed flow and opening any valves to pressure charging system.

According to a further embodiment of method of improving efficiency of an internal

combustion engine, the engine is the internal combustion engine as described herein.

According to a further embodiment the method comprises the step of locking or unlocking
a freewheel mechanism arranged in a rotatable drive connection between the gas feeding

device and the EGR drive unit.

According to a third aspect, the present invention relates to an internal combustion engine
configured to operate in accordance with the method of improving efficiency of an internal

combustion engine.

According to a fourth aspect, the present invention relates to a computer program
comprising program code means for performing the steps according to the present

invention when executed on a computer or on an ECU.

According to a fifth aspect, the present invention relates to a computer readable medium

carrying a computer program comprising program code means for performing the steps
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according to the method of improving efficiency of an internal combustion engine when

said program product is run on a computer.

According to a sixth aspect, the present invention relates to a control unit configured to
performing the steps according to the method of improving efficiency of an internal
combustion engine when said program product is run on a computer. The control unit is
connected to various devices in the engine for controlling the devices dependent on
operating conditions, emission requirements as well as user input etc. Examples hereto
are controlling the opening and closing of the intake valves via the valve actuating
members, the gas feeding device and turbocharger dependent operating conditions and
drive mode, e.g. feed mode, compound mode and reversed mode or at least partially
reversed mode. With reference to the aspects and features described herein, the control
unit may connected to: the pressure charging system, the valve in the wastegate system,
the EGR valve, the EGR drive unit, the valve actuating devices, the bypass valve, the re-
directing valves, the EGR cooler or EGR coolers and the energy reservoir; in any suitable

combinations dependent on drive mode and embodiment.

According to one example embodiment of the sixth aspect, the control unit may be
connected to sensors and actuators comprised in the engine according to the first aspect
of the invention. The sensors provide control signals to the control unit to be used by the
control unit to control the devices according to the invention. The sensors can be pressure
and/or temperature sensor and/or flow sensors, position dependent sensors and/or any

other suitable sensors that allows for control and operation of the engine.

According to a seventh aspect, the present invention relates to a vehicle comprising an

internal combustion engine according to the present disclosure.

The additional aspects of the invention will achieve the same benefits as mentioned

previously.

Further advantages and advantageous features of the invention are disclosed in the

following description and in the dependent claims.
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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:

Figure 1 is a schematic drawing showing a truck with an internal combustion engine

according the first aspect of the invention;

Figure 2 is a schematic drawing showing, in a sectional view, a part of an internal

combustion engine;

Figure 3A is a schematic drawing showing elements of an internal combustion engine

according to one example embodiment of the invention;

Figure 3B is a schematic drawing showing the elements of an internal combustion engine

according to figure 3A, however including additional features;

Figure 3C schematically shows a further example embodiment of the internal combustion

engine according to figure 3B;

Figure 3D schematically shows a further example embodiment of an internal combustion

engine;

Figure 4 is a schematic drawing showing intake valve opening and closure relative to CAD

(Crank Angle Degree) for late and early Miller cycle operation;

Figure 5 is a graphical representation of torque load and pressure conditions relating to a
gas feeding device/displacement pump arranged in an EGR conduit during operation of

the engine according to e.g. Figure 3B;

Figure 6A is a flowchart illustrating a method of improving efficiency of an internal

combustion engine according to one example embodiment of the present invention;



10

15

20

25

30

35

WO 2020/002571 PCT/EP2019/067287

22

Figs. 6B-6F are flowcharts illustrating methods of improving efficiency of an internal

combustion engine according to further example embodiments of the present invention;

Figure 7A is a flowchart illustrating a first mode of operation of a method of improving
efficiency of an internal combustion engine in accordance with the second aspect of the

present invention, and

Figure 7B is a flowchart illustrating a second mode of operation of a method of improving
efficiency of an internal combustion engine in accordance with the second aspect of the

present invention.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE INVENTION

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.

Figure 1 is a schematic drawing showing a truck 200 with an internal combustion engine

100 according to an aspect of the present invention.

Figure 2 is a schematic drawing showing, in a sectional cut-out view, a part of an internal
combustion engine. In particular, the drawing shows the essential parts of a cylinder 101

of an embodiment of an internal combustion engine 100.

The internal combustion engine 100 may include one or more cylinders 101, and the
cylinders 101 may be arranged in any configuration such in in-line, in a V, in flat/boxer

configuration etc.

As can be seen in figure 2, each cylinder 1 includes a cylinder head 2, a piston 3
configured for reciprocating towards and away from the cylinder head 2 and a combustion
chamber 1a located between the piston 3 and the cylinder head 2. Each cylinder 1
moreover includes one or more intake valves 4 arranged in association with the
combustion chamber 1a and one or more exhaust valves 5 arranged in association with

the combustion chamber 1a.
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An intake system 6 for feeding intake air to the engine 100 is provided in connection with
the intake valves 4, and an exhaust system 7 for conveying exhaust gas away from the

engine 100 is provided in connection with the exhaust valves 5.

The intake valves 4 control inflow of intake air from the intake system 6 to the cylinder 1,
and the exhaust valves 5 control exhaust of exhaust gas to the exhaust system 7 from the

cylinder 1.

As shown in figure 2, the engine 100 may include a valve actuation device 8 configured
for opening and closing the intake valve 4. The valve actuation device 8 may be
configured for, or controlled to, allowing for late or early closing of the intake valve 4
according to the Miller-type valve timing principles. Similarly, the engine 100 may include
a valve actuation device 9 configured for, or controlled to, opening and closing, or even

late or early opening and closing, of the exhaust valve 5.

One or more of the valve actuating devices 8, 9 may be controlled to open or close the
intake and exhaust valves 4, 5 according to predetermined and/or dynamic timing
schedules; including early and late Miller-type valve timing. This will be explained further

in the below.

In one embodiment, one valve actuation device 8, 9, operates one intake/exhaust valve 4,
5.

Figure 3A schematically shows an internal combustion engine 100 according to one
example embodiment of the invention. The engine 100 is an in-line six cylinder engine

and the engine 100 includes the components shown in figure 2.

Figure 3A further shows, that the intake system 6 is provided in connection with the intake
valves 4, and that the exhaust system 7 is provided in connection with the exhaust valves
5.

An EGR system 102 is provided between the exhaust system 7 and the intake system 6.
The EGR system includes a gas feeding device 15, or EGR displacement pump 15, and

an EGR conduit 110 allowing for fluid communication between the exhaust system 7 and
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the intake system 6. The gas feeding device 15 is operative to feed and/or control flow of

exhaust gas from the exhaust system 7 via the EGR conduit 110 to the intake system 6.

The gas feeding device/displacement pump 15 is arranged in the EGR conduit 110
between connection points where the EGR conduit 110 provides fluid communication with
the exhaust system 7 (i.e. inlet to the EGR conduit 110) and the intake system 6 (i.e.
outlet from the EGR conduit 110).

The gas feeding device 15 is operatively connected to, and may be driven by, an EGR

drive unit 22 as described further below in relation to figure 3B.

The engine 100 further includes a pressure charging system 12 connected to the intake
system 6, for, in certain operating conditions of the engine 100, pressurising the intake air
to a pressure above the pressure in exhaust system 7. In figure 3A the pressure charging
system 12 is a turbocharger comprising a turbine 11 and a compressor 12b. The turbine

11 is operative to drive the compressor 12b via a shaft.

The EGR system 102 is a high pressure EGR system where exhaust gas is branched off

from the flow of exhaust gas upstream the turbine 11.

The compressor 12b is arranged to pressurise air in the intake system 6 dependent on
operating conditions of the engine 100 and, when required, provide a positive pressure
differential, or pressure differential, between the intake system 6 and the exhaust system
7 while operating with late or early Miller-type valve timing, such that the pressure in the

intake system 6 exceeds the pressure in the exhaust system 7.

A so called wastegate may be provided to divert exhaust gas away from the turbine 11 in

order to regulate turbine speed as discussed below with reference to figure 3B.

The pressurised intake air may be cooled in a cooler such as a charge air cooler, or

intercooler, as discussed below with reference to figure 3B.

During operation of the engine 100, a portion of the exhaust gas is branched off from the
flow of exhaust gas flowing in exhaust system 7, upstream the turbine 11, to the EGR

system 102. The remaining exhaust gas is conveyed to the turbine 11 of the turbocharger.
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The exhaust gas branched off from the stream of exhaust gas is, via EGR conduit 110,
led to the gas feeding device 15 and, in certain operating conditions, the gas feeding
device 15 pressurises the exhaust gas to a pressure level at least corresponding to the
absolute pressure level in the intake system 6; this in order to allow for flow of exhaust
gas from the exhaust system 7 to the inlet system 6 irrespective of the pressure

differential between the exhaust system 7 and the intake system 6.

Flow of gas in the EGR conduits 110 may be controlled by one or more EGR valves 10 as

discussed below with reference to figure 3B.

Figure 3B schematically shows an internal combustion engine 100 according to one
example embodiment of the invention. The engine 100 includes the components shown in

figures 2 and 3A however with additional features.

The exhaust system 7 is in this embodiment separated into two sections; one section for
cylinders 1, 2 and 3 and one section for cylinders 4, 5 and 6; as counted from the left
hand side of the drawing. The two sections of the exhaust system 7 may convey exhaust
gas through an EGR valve 10 arranged to ensure that a part of the exhaust gas is
branched off from the exhaust system 7 and further to control the volume of exhaust gas
returned to the intake system 6 as EGR. The remaining exhaust gas is further conveyed
to the turbine part 11 of the turbocharger. The turbine 11 and the geometry of the exhaust
gas system are preferably designed for pulse utilization in line with what has been

described previously in this disclosure.

A wastegate system 103 may be provided to divert exhaust gas away from the turbine 11
in order to regulate turbine speed. The wastegate system 103 includes a valve 13
operative to bypass excess pressure, or excess flow of exhaust gas, around the turbine
11 in order to regulate maximum boost pressure delivered by the pressure charging

system 12.

The pressurised intake air may be cooled in a cooler 18 such as a charge air cooler or
intercooler. The cooler 18 increases the efficiency of the pressure charging system by

reducing, or removing a part of, induction air heat and compression heat added to the
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compressed intake air by the pressure charging system 12. By this, volume density of the

intake air is increased.

The exhaust gas branched off from the exhaust system 7 may be conveyed, possibly via
an EGR valve 10 and/or an EGR cooler 14, to the gas feeding device 15 for
pressurisation to a pressure level at least corresponding to the pressure in the intake

system 6.

In operating conditions wherein the pressure in the exhaust system 7 is sufficiently high,
pressurisation by means the gas feeding device 15 may be unnecessary - and the gas
feeding device 15 may be bypassed via a bypass conduit 17. A bypass valve 16 may be
provided for controlling the flow in the bypass conduit 17. In figure 3B, the bypass valve
16 is arranged in the bypass flow line 17. Alternatively, or additionally, the gas feeding

device 15 may in such conditions also operate freely with the flow of EGR gas.

Separation of the exhaust systems 7 according to the embodiment shown in figure 3B
allows for preservation of pressure pulses in the exhaust system 7. One benefit of this
configuration is, that the preserved pressure pulses are conveyed to the turbine 11
thereby propelling the turbine 11 also in operating conditions resulting in low or insufficient
pressure in the exhaust system 7 to propel the turbine 11. Additionally, a non-separated
exhaust system, as shown in figure 3A, provides higher exhaust backpressure and thus

lower volumetric efficiency and increased residuals in the cylinder 1.

The EGR valve 10 may be configured for branching off exhaust gas from one, both or
multiple exhaust branches; hence the EGR valve 10 may constitute a multi-function or
dual valve. In some embodiments, the EGR valve 10 may be configured for branching off
exhaust gas from only one section of the exhaust system 7. This may, however, skew the
engine operation and result in an uneven distribution of exhaust gas between the

cylinders 1.

The gas feeding device 15 is a displacement type pump operatively connected to an EGR
drive unit 22. The EGR drive unit 22 may be configured to drive the gas feeding device 15

in a feed mode to feed exhaust gas into the intake system 6.
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The EGR drive unit 22 may furthermore be configured to generate power output in a
compound mode of operation (driven mode); i.e. in an energy recovery mode of operation.
The compound mode is applicable, or available, when the engine operating conditions
result in higher pressure in the exhaust system 7 than in the intake system 6; i.e. in a
negative differential between exhaust system 7 and intake system 6. When the engine
100 is operating in such condition, natural flow of exhaust gas from the exhaust system 7
to the intake system 6 may take place while driving the gas feeding device 15 and the

EGR drive unit 22 — and thus allow for operation in compound mode.

The EGR drive unit 22 is in this example an electric motor capable of operating as a
generator in a reversed drive mode. Alternatively, the EGR drive unit may constitute a
mechanical drive such as a belt, chain or gear drive or a hydraulic or pneumatic drive,

preferably connected to the crankshaft 150.

According to one example embodiment shown in figure 3B, an energy reservoir 23, such
as a battery or a capacitor, is connected to the EGR drive unit 22, for storing energy in

compound mode.

The EGR drive unit 22 may furthermore be configured to drive the gas feeding device 15
in reverse to provide pressure towards the turbine 11 in order to spin up the compressor
12b. In this manner, it is possible to improve low end performance of the engine 100.
Reverse mode may be applied irrespective of the differential pressure between the

exhaust system 7 and the intake system 6.

Figure 3C schematically shows an embodiment of an engine 100 according to figure 3B,
however with additional features and configured for reverse drive mode of the EGR

system 102.

In figure 3C the EGR system 102 is provided with a gas re-directing system 24 configured
to re-direct the flow from the gas feeding device 15 from its normal feed direction via the
re-directing system 24 to the turbine 11. The flow direction is controlled through (re-
directing) valves 25 configured for closing the EGR feed flow while opening for flow to the

pressure charging system 12.
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The re-direction system 24 may include conduits interconnecting the valves 25, so that
the flow from the gas feeding device 15 may be re-directed from its normal route and
through the piping to the turbine 11. The valves 25 may be connected to a control unit 26,
or ECU, configured to control opening and closing of the valves 25 dependent on drive

mode.

Figure 3C further shows that the control unit 26 may be operative to control various
devices in the engine 100. The control unit 26 may be configured for obtaining various
input signals from a plurality of not shown sensors. Control of the devices may depend on
operating conditions and performed in response to software stored in a memory held in
the control unit. As an example, the control unit may be operative to control opening and
closing of the intake valves 4 via the valve actuating members 8, the gas feeding device
15 and turbocharger; in dependence with operating conditions, user input and drive mode
including e.g. feed mode, compound mode and reversed, or at least partially reversed,

mode etc.

In figure 3C the control unit 26 is, as shown, operative to control the pressure charging
system 12, the valve 13 in the wastegate system 103, the EGR valve 10, the EGR drive
unit 22, the valve actuating members 8, 9, the bypass valve 16, the valves 25 in the re-

directing system 24 etc.

It should be noted, that the control unit 26 may be operative to control one or more
devices as required and dependent on the chosen embodiment of the present invention.
The control unit 26 may be operative to communicate with additional controllers and

communication gateways etc.

Figure 3C moreover shows, that the EGR system 102 may be connected to an EGR valve
10 arranged in the exhaust gas system 7 upstream turbine 11; hence a high-pressure

EGR system 102 is shown.
Figure 3D schematically shows a further example embodiment of an engine 100.
In figure 3D it is shown, that the EGR system 102 is connected to an outlet 27 arranged

on the turbine 11, and that an EGR valve 10b is arranged to control EGR flow to the gas

feeding device 15.



10

15

20

25

30

35

WO 2020/002571 PCT/EP2019/067287
29

In additional and not shown embodiments of the present invention, exhaust gas for the
EGR system 102 may be branched off downstream the turbine 11 including from a section

of the exhaust gas treatment systems.

As indicated in figures 3B-3D the gas feeding device 15 is connected to the EGR drive
unit 22 via a rotatable drive connection. Although not illustrated in the figures, this
connection comprises a first shaft member connected to the EGR drive unit 22 and a
second shaft member connected to the gas feeding device 15. The first and second shaft
members may be fixedly connected to each other but in this example they are connected
via a freewheel mechanism (not shown) configured to allow the second shaft member to
rotate at a higher speed than the first shaft member in an operation mode where the first
shaft member forms a driving shaft and the second shaft member forms a driven shaft
and exhaust gas is fed through the EGR conduit 110. Rotary parts in the displacement
pump 15 can thus rotate faster than the driving shaft of the EGR drive unit 22, which for
instance allows the displacement pump 15 to increase its speed when an exhaust pulse
passes and to rotate with the EGR flow even if the EGR drive unit 22 is turned off, as
described more in detail further above in this disclosure. The freewheel mechanism is
provided with a locking function configured to rotationally lock the first and second shaft
members to each other. The control unit 26 is configured to control also locking and

unlocking of the freewheel mechanism.

Figure 4 schematically shows the principles of late and early Miller-type valve timing for

one cylinder 1 according to the present invention.

The upper diagram 104 represents opening and closing profiles of an intake valve.

The lower diagram 105 represents the piston stroke between top dead centre (TDC) at
360 CAD (Crank Angle Degree starting from 0 degree at commence of the expansion
stroke) and the bottom dead centre (BDC) at 540 CAD.

The solid line 106, in the upper diagram, represents late Miller-type valve timing. As can
be seen, in late Miller-type valve timing, the intake valve opens at approximately 360 CAD
and closes at approximately 550 CAD, i.e. after the BDC at 540 CAD; thereby

representing late valve closure.
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The broken line 107, in the upper diagram, represents early Miller-type valve timing. As
can be seen, the intake valve opens at approximately 360 CAD and closes at
approximately 530 CAD, i.e. before BDC at 540 CAD; thereby representing an early valve

closure.

It should be noted, that figure 4 only shows one example of late and early Miller-type
valve timing. Depending on different operating conditions, different timing for opening and
closing of the inlet valve may be applied without departing from the scope of the present

invention.

According to one example embodiment of the invention, late Miller-type valve timing may
be applied by closing the intake valve in the range of 540 CAD to 680 CAD, preferably
540 CAD to 640 CAD, more preferred in the range of 540 CAD to 600 CAD and most
preferred in the range of 540 CAD to 580 CAD. The selection of the desired range will
depend on operating conditions, where the abovementioned ranges have shown desirable

results.

According to one example embodiment of the invention, early Miller-type valve timing may
be applied by closing the intake valve in the range of 500 CAD to 540 CAD, preferably in
the range of 520 CAD to 540 CAD and most preferred in the range of 530 CAD to 540
CAD. The selection of the desired range will depend on operating conditions, where the

above-mentioned ranges have shown desirable results.

There are different valve actuation systems available, including valve actuation devices 8,
9 that allows for early and/or late Miller-type valve timing. The actuation systems may be
fixed valve actuation systems or variable valve actuation systems. A valve actuation
system per se is known in the art and any suitable valve actuation system can be used for

late and early Miller-type valve timing in the context of the present invention.

Late Miller-type valve timing keeps the intake valve open longer than the “optimum” at
BDC for a traditional four-stroke engine (Otto or Diesel), and thereby increases volumetric
efficiency. The effect of this is that the charge gases, i.e. intake air and EGR, are pushed

back into the intake system by the piston; hence in effect acting as a pressure charging
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system to increase the intake system pressure. This increases pumping work, but it also

adds thermal transfer in cylinder and intake ports.

Early Miller-type valve timing, intake valve closes before the BDC and has the advantage
of less losses than late Miller. Both early and late Miller have the advantage of increased
efficiency of the engine by offering the same effective compression ratio and a larger

expansion ratio.

Figure 5 is a graphical representation of torque load and pressure conditions relating to

the gas feeding device/displacement pump 15 during operation of the engine 100.

The chart 108 shows effective torque load by the gas feeding device 15 (feed mode) as a
function of CAD.

The chart 109 shows pressure levels Phefore gas feeding device 15 (P_b_pump in chart) and Pagier

gas feeding device (P_a_pump in Chal't)

The pressure before and after the gas feeding device 15 is the pressure at the inlet and
the outlet, respectively, of the device 15 and, as described below, the pressure at the inlet
is substantially the same as in the exhaust manifold/system 7 and the pressure at the

outlet is substantially the same as in the intake system 6.

A pressurised intake system may, as mentioned above, include a cooler 18 such as an
intercooler. Typically, during flow through the cooler, a few kPa of charge pressure is lost,
meaning that the boost pressure in the intake system 6 will be slightly lower than the
boost pressure just downstream the compressor 12b. The gas feeding device 15 works, in
feed mode, towards the intake system 6, meaning that the pressure at the outlet of the
gas feeding device 15 will be substantially equivalent to the boost pressure in the intake
system. The pressure at the inlet of the gas feeding device 15 is typically slightly lower
than the exhaust manifold pressure; typically a few kPa, because of some pressure drop
over the EGR valve and the EGR cooler (if such components are present). The pressure
drops are flow dependant, so for very low flows, the pressure drops are basically none.
The gas feeding device 15 basically has the same pressure ratio as present over the

engine, but with the pressure drop in the EGR cooler + EGR valve + piping added:
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- AP gas feeding device = (P Intake System — P Exhaust System) + AP EGR system

When the gas feeding device 15 constitutes a displacement pump, it will add or receive
work only when there is a pressure difference across the pump. This is due to the fact,

that the displacement pump has no internal compression.

The preferred type of displacement pump is a Roots pump (blower), which has a
continuous flow compared to intermittent flow. This means that the flow is not interrupted

and flows continuously into the intake system 6 of the engine 100.

As the gas feeding device 15 is performing work only when there is a higher pressure on
the outlet than on the intake side, work is carried out by the gas feeding device 15 when
needed only. Similarly, when an exhaust pressure pulse reaches the intake of the gas
feeding device 15, no pump work is needed. During such scenarios, exhaust gas is
merely transported by the gas feeding device 15 to its outlet without adding work or
compressing gas. This is illustrated in figure 5 where it is shown that when the exhaust
pulses reach the gas feeding device 15 and the pressure gets high (chart 109) the pump
torque decreases (chart 108). Exhaust pulses are thus utilized to reduce the power
required for driving the gas feeding device 15. This increases the overall engine
efficiency. The freewheel function for the gas feeding device 15 can be used as described
previously to further utilize the energy of the exhaust pulses and further increase the

engine efficiency.

In addition to this, it is possible to extract energy from the gas feeding device when the
pressure difference is negative. This has been explained in greater detail with reference to
figures 3B and 3C.

Figure 6A schematically illustrates the main steps of operating the internal combustion
engine according to the present invention. The steps are described with reference to the

internal combustion engine as described with reference to figures 1-5. The steps are:

- step S1: branching off a part of the exhaust gas stream from the exhaust system 7

to be returned to the intake system 6 via the EGR system 102,
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- step S2: delivering the branched off exhaust gas stream to the intake system 6,

- step S3: pressurising the intake system 6 via the pressure charging system 12 to a

level above the exhaust gas pressure,

- step S4: opening the intake valve 4 of the cylinder 1 and maintaining the intake

valve 4 open for late or early closing of the intake valve 4.

According to one example embodiment of step S4, the step of late closing relates to
keeping the intake valve open until the crankshaft 150 reaches the range of 540 CAD to
680 CAD, preferably the range of 540 CAD to 640 CAD and more preferred the range of
540 CAD to 600 CAD and most preferred the range of 540 CAD to 580 CAD.

According to one example embodiment of step S4, the step of early closing relates to
keeping the intake valve open the crankshaft 150 reaches the range of 500 CAD to 540
CAD, preferably the range of 520 CAD to 540 CAD and most preferred the range of 530
CAD to 540 CAD.

Figure 6B schematically shows an example embodiment of the method shown in figure

6A; however with the step of:

- step S5:, prior to S2, pressurising the branched off part of the exhaust gas by
operating the gas feeding device 15 in feed mode in dependence of operational

parameters of the engine 100 as well as different modes of operation.

Figure 6C schematically shows an example embodiment of the method shown in figure
6A; however, in operating conditions wherein the exhaust gas pressure is higher than the

intake pressure. The embodiment incudes the further step of:

- step S6: opening the bypass valve 16 thereby bypassing the gas feeding device
15 when the exhaust gas pressure in the exhaust system 7 exceeds the pressure

in the intake system 6.

Figure 6D schematically shows an example embodiment of the method shown in figure

6A with further steps of:
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- step S7: setting the gas feeding device 15 in compound mode to generate power
output when the exhaust gas pressure in the exhaust system 7 is higher than the
pressure in the intake system 6 to drive the gas feeding device 15 and thereby the
EGR drive unit 22.

- step S8: transmitting energy to an energy reservoir, e.g. a battery or a capacitor,

connected to the EGR drive unit 22 or transferring energy to the engine 100.

Figure 6E schematically shows an example embodiment of the method according to the
invention wherein the method is configured to provide pressure towards the pressure

charging system 12.

The method includes the steps of:

— step S9: setting the EGR drive unit 22 to drive the gas feeding device 15 to

provide pressure towards the pressure charging system 12.

In this embodiment, the gas feeding device 15 may draw supply gas from the intake

system or from the exhaust system.

Figure 6F schematically shows an example embodiment of the method shown in figure

6A, alternative to the method shown in figure 6E, and with a further step of:

- step S10: controlling valves 25 in the re-directing system 24 to close EGR feed

and opening the valve 25 controlling flow to the pressure charging system 12.

Figures 7A and 7B schematically show flowcharts illustrating two modes of operation of
an internal combustion engine 100 operated in accordance with the second aspect of the
present invention. The second aspect of the present invention relates to a method of

improving efficiency of an internal combustion engine.

Figure 7A is a flowchart illustrating the first mode of operation; the first mode includes the

steps of:
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— step S20a: operating the internal combustion engine 100 under such conditions
that the pressure in the intake system 6 exceeds, or is substantially similar to, the

pressure in the exhaust system 7,

— step S21a: operating the gas feeding device 15 to pressurise and thereby supply

branched off exhaust gas to the intake system 6.

Figure 7B is a flowchart illustrating the second mode of operation; the second mode

includes the steps of:

— step S20b: operating the internal combustion engine 100 under such conditions
that the pressure in the exhaust system 7 is higher than the pressure in the intake

system 6, and,

— step S21b: configuring the EGR system 102 and/or the EGR drive unit 22 to be

driven by the gas feeding device 15 so as to generate a power output,

— step S22b: operating the engine 100 so as to drive the gas feeding device 15 by
means of exhaust gas flowing from the exhaust system 7 to the intake system 6
and thereby operate the gas feeding device 15 in an energy recovery mode where

the EGR drive unit 22 generates a power output.

In some embodiments, the method according to the second aspect of the present
invention may be configured for switching between the first and the second mode of

operation.

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

1. An internal combustion engine (100) comprising a crankshaft (150), one or more
cylinders (1) including a cylinder head (2), a piston (3), a combustion chamber (1a), one
or more intake valves (4), one or more exhaust valves (5), an intake system (6) configured
for feeding intake air to the engine (100), an exhaust system (7) configured for conveying
exhaust gas away from the engine (100), a pressure charging system (12) connected to
the intake system (6) and an exhaust gas recirculation (EGR) system (102) arranged to
feed branched off exhaust gas from the exhaust system (7) to the intake system (6) via an
EGR conduit (110), characterized in:

— that the internal combustion engine (100) includes a valve actuation device (8)
configured to allow for late or early closing of the intake valves (4) in accordance
with late or early Miller-type valve timing, and in

— that the EGR system (102) includes a gas feeding device (15) configured to feed
exhaust gas through the EGR conduit (110) in modes of operation where the
pressure in the intake system (6) exceeds the pressure in the exhaust system (7),
wherein the gas feeding device (15) is a displacement pump and wherein the gas
feeding device (15) is arranged so that exhaust gas recirculating in the EGR
system (102) during operation of the engine (100) passes the gas feeding device

(15) before being mixed with intake air in the intake system (6).

2. An internal combustion engine (100) according to claim 1, wherein the engine (100)
further includes an EGR bypass conduit (17) arranged to bypass the gas feeding device
(15).

3. An internal combustion engine (100) according to any one or more of the preceding
claims, wherein the EGR system (102) includes an EGR valve (10) configured for

controlling flow of gas in the EGR system (102).

4. An internal combustion engine (100) according to any one or more of the preceding
claims, wherein the EGR system (102) includes an exhaust gas cooler (14) arranged

upstream and/or downstream the gas feeding device (15).
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5. An internal combustion engine (100) according to any one or more of the preceding
claims, wherein the gas feeding device (15) is configured for pressurising the EGR system
(102) as follows:

- AP gas feeding device = (P Intake System — P Exhaust System) + AP EGR system

6. An internal combustion engine (100) according to any one or more of the preceding
claims, wherein the gas feeding device (15) is of a Roots blower type having a pair of

rotary members provided with meshing lobes.

7. An internal combustion engine (100) according to any one or more of the preceding

claims, wherein the gas feeding device (15) is connected to an EGR drive unit (22).

8. An internal combustion engine (100) according to claim 7, wherein the EGR drive unit

(22) is configured to be driven by the gas feeding device (15) to generate a power output.

9. An internal combustion engine (100) according to claim 7 or 8, wherein the EGR drive
unit (22) constitutes an electrical motor or a mechanical drive connected to the crankshaft
(150).

10. An internal combustion engine (100) according to any one of claims 7-9, wherein the
EGR drive unit (22) is configured for transferring energy to the engine (100) or to an

energy reservoir (23) such as a battery or a capacitor.

11. An internal combustion engine (100) according to any one of claims 8-10, wherein the
power output from the EGR drive unit (22) is used for operating the engine (100) in a

compound mode.

12. An internal combustion engine (100) according to any one or more of the claims 8 -
11, wherein the engine (100), gas feeding device (15) and the EGR drive unit (22) are
configured for operation in a first mode and in a second mode wherein, in first mode, the
gas feeding device (15) and the EGR drive unit (22) are configured for feeding exhaust
gas into the intake system (6) by pressurising the exhaust gas, and, in second mode,

supplying pressure to the pressure charging system (12).
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13. An internal combustion engine (100) according to claim 12, wherein the engine (100)
further includes a gas re-directing system (24) configured for conveying gas pressurised

by the gas feeding device (15) to the pressure charging system (12).

14. An internal combustion engine (100) according to claim 13, wherein the engine (100)
further includes one or more flow control valves (25) operative to control the flow of gas in

the gas re-directing system (24).

15. An internal combustion engine (100) according to any one or more of the preceding
claims, wherein the valve actuation device (8) configured for operating the intake valves
(4) is a variable valve actuation device such as a variable camshaft or a fully variable

valve lift system configured for individual valve actuation.

16. An internal combustion engine (100) according to any one or more of the preceding
claims, wherein the valve actuation device (8) is configured or controlled to keep the
intake valves (4) open until the crankshaft (150) reaches the range of 580 CAD to 680
CAD, preferably the range of 600 CAD to 650 CAD.

17. An internal combustion engine (100) according to any one or more of the preceding
claims 1-15, wherein the valve actuation device (8) is configured or controlled to keep the
intake valves (4) open until the crankshaft (150) reaches the range of 500 CAD to 560
CAD, preferably the range of 520 CAD to 550 CAD.

18. An internal combustion engine (100) according to any one or more of the preceding
claims, wherein the pressure charging system (12) is configured for establishing an intake

pressure in the intake system (6) which is higher than a pressure in the exhaust system

).

19. An internal combustion engine (100) according to any one or more of the preceding
claims, wherein the pressure charging system (12) comprises a pressure charger (11,
12b, 13) in the form of a single turbocharger, a twin turbocharger system, a variable
geometry turbine or a turbo-compound and/or an electrically or mechanically driven
blower or compressor or a turbocharger and a turbo compound unit arranged downstream

the turbocharger.
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20. An internal combustion engine (100) according to any one or more of the preceding
claims, wherein the EGR conduit (110) is arranged to connect to the exhaust system (7)
at a first connection point and arranged to connect to the intake system (6) at a second
connection point and wherein the gas feeding device (15) is arranged in the EGR conduit

(110) between said first and second connection points.

21. An internal combustion engine (100) according to any one or more of claims 7-14,
wherein the gas feeding device (15) is connected to the EGR drive unit (22) via a

rotatable drive connection.

22. An internal combustion engine (100) according to claim 21, wherein the rotatable drive
connection comprises a first shaft member connected to the EGR drive unit (22) and a
second shaft member connected to the gas feeding device (15), wherein the first and
second shaft members are connected via a freewheel mechanism configured to allow the
second shaft member to rotate at a higher speed than the first shaft member in an
operation mode where the first shaft member forms a driving shaft and the second shaft

member forms a driven shaft and exhaust gas is fed through the EGR conduit (110).

23. An internal combustion engine (100) according to claim 22, wherein the freewheel
mechanism is provided with a locking function configured to rotationally lock the first and

second shaft members to each other.

24. An internal combustion engine (100) according to any one or more of the preceding
claims, wherein the pressure charging system (12) comprises a compressor (12b)
arranged in the intake system (6) and a turbine (11) arranged in the exhaust system (7)
and wherein the EGR conduit (110) is arranged to connect to the intake system (6)
downstream the compressor (12b) and to connect to the exhaust system (7) upstream the

turbine (11) so as to form a high pressure EGR system (102).

25. A method of improving efficiency of an internal combustion engine (100) wherein the
engine comprises a crankshaft (150), one or more cylinders (1) including a cylinder head
(2), a piston (3), a combustion chamber (1a), one or more intake valves (4) operated in
accordance with late and/or early Miller-type valve timing, one or more exhaust valves (5),
an intake system (6) configured for feeding intake air to the engine (100), an exhaust

system (7) configured for conveying exhaust gas away from the engine (100), an exhaust
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gas recirculation (EGR) system (102) including a gas feeding device (15) in the form of a

displacement pump connected to an EGR drive unit (22), wherein the gas feeding device

(15) is configured to feed exhaust gas branched off from the exhaust system (7) through

an EGR conduit (110) and, downstream the gas feeding device (15), feed the branched

off exhaust gas into the intake system (6), the engine (100) further comprising a pressure

charging system (12) connected to the intake system (6) characterized in that the

method includes the steps of:

or

Operating (S20a) the internal combustion engine (100) under such conditions that
the pressure in the intake system (6) exceeds or is substantially similar to the
pressure in the exhaust system (7), and

Operating (S21a) the gas feeding device (15) to pressurise and thereby supply

branched off exhaust gas to the intake system (6),

Operating (S20b) the internal combustion engine (100) under such conditions that
the pressure in the exhaust system (7) is higher than the pressure in the intake
system (6),

Configuring (S21b) the EGR system (102) and/or the EGR drive unit (22) to be
driven by the gas feeding device (15) so as to generate a power output,

Operating (S22b) the engine (100) so as to drive the gas feeding device (15) by
means of exhaust gas flowing from the exhaust system (7) to the intake system (6)
and thereby operate the gas feeding device (15) in an energy recovery mode

where the EGR drive unit (22) generates a power output.

26. The method according to claim 25, wherein the method of operating the internal

combustion engine (100) under such conditions that the pressure in the exhaust system

(7) is higher than the pressure in the intake system (6) includes the step of:

conveying the power output to an energy reservoir (23) such as a battery or a

capacitor or conveying the power output to the engine (100).

27. The method according to claim 25 or 26, wherein the method includes the step of:

in operating conditions wherein the pressure in the exhaust system (7) is lower
than the pressure in the intake system (6), or in operating conditions wherein a
turbine (11) of the pressure charging system (12) operates below desired speed,

operating the EGR system (102) in an at least partially reversed mode such that
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the gas feeding device (15) supplies pressure to the pressure charging system
(12).

28. The method according to claim 27, wherein the method includes the step of:
— operating a re-directing system (24) configured to re-direct flow of exhaust gas
from the gas feeding device (15) to the turbine (11) by operating valves (25) in the
re-directing system (24) to close the EGR feed flow and opening any valves (25) to

the pressure charging system (12).

29. The method according to any one or more of the claims 25 - 28, wherein the engine

(100) is the internal combustion engine according to any one or more of the claims 1-24.

30. The method according to anyone of claims 25-29, wherein the method comprises the
step of locking or unlocking a freewheel mechanism arranged in a rotatable drive

connection between the gas feeding device (15) and the EGR drive unit (22).

31. An internal combustion engine according to any one of claims 1-24, wherein the
engine is configured to execute the method according to any one or more of the claims
25-30.

32. A computer program comprising program code means for performing the steps
according to any one or more of the claims 25-30 when said program is run on a

computer or on an ECU.

33. A computer readable medium carrying a computer program comprising program code
means for performing the steps according to any one or more of the claims 25-30 when

said program product is run on a computer.

34. A control unit (26) configured to perform the steps of the method according to any one

or more of the claims 25-30.

35. A vehicle (2) comprising an internal combustion engine according to any of claims 1-
24,
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