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METHOD AND APPARATUS FOR MEASURING AND CONTROLLING THE EGR

RATE IN A COMBUSTION ENGINE.

Field of the invention

The ©present 1invention relates to a method and
apparatus for measuring and controlling the EGR rate in a
combustion engine.

Description of the prior art

The NOx emissions of a combustion engine can be
significantly reduced using exhaust gas recirculation
(EGR) . Exhaust gas 1is recirculated in order to reduce the
oxygen content of the combustion gas. This leads to a
reduced flame temperature, which in turn results in lower
NOx emissions of the engine.

Thereby, the NOx emissions react very sensitively to
variations of the EGR rate.

The EGR rate 1s given by the mass ratio between the
recirculated exhaust gas and the total gas in the cylinder.
Dependent on the emission target, EGR rates between 20% and
60% are aimed at, which leads to an NOx reduction factor of
about 3 to 10 times.

Since increasing EGR rates involve higher soot emissions,
often higher fuel consumption and generally increased wear
of the engine, this technigque should only be applied where

necessary.
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Therefore, an accurate sensing and control concept of the
EGR rate 1s c¢rucial and necessary, for a precise and
reproducible control of the NOx emissions.

Several EGR mass flow or EGR rate measurement methods
are known.

The first most common measurement method 1is the
measurement of the fresh air mass flow at the inlet of the
engine. This mass flow 1is subtracted from the total
cylinder mass flow, which can be obtained from the boost
alr pressure p2, the boost air temperature T2, the engine
speed, and also other quantities, as depicted in Figure 1,
for example from sensors of crank speed Crs and cam speed
Cas. The resulting mass flow is the EGR mass flow.

The first major problem of this concept 1s the accuracy.
The measurement error of the air mass flow is amplified by
the ratio between the air mass flow and the EGR mass flow.
If e.g. an air mass flow of 80kg/h with 10 % error (i.e. 8

kg/h), and a total gas mass flow of 100 kg/h is measured,

an EGR mass flow of 20 kg/h with an error of 8 kg/h is

o°

obtained, which corresponds to a relative error of 40
The second major problem is the time delay, which occurs
from the distance between the air measurement device and
the cylinder. In order to obtain an accurate EGR rate also
under transient conditions, the time delay must Dbe

accounted for, which i1s a difficult task.
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A second possibility is the use of a direct EGR mass

flow measurement device. Various measurement principles can
be applied, such as hot film measurement, or pressure
difference over a Pitot tube or a Venturi device.
From a point of view of accuracy, this approach is the most
robust one. However, most availlable Sensors exhibit
significant problems with deterioration caused by the
aggressive environment with high 1loads of soot. Soot
deposits can even lead to a Dblocking of the sensing
elements. Another problem is the high level of pulsations
in the EGR line. These pulsations may lead to significant
measurement errors.

A third possibility is the measurement of the oxygen
concentration (0O, or air/fuel ratio Lambda) at engine inlet
or outlet. From this oxygen content, the EGR rate can be
calculated directly, if the amount of injected fuel and the
total gas mass flow are known. The latter is obtained from
pr2, T2, the engine speed, and also other quantities, as in
the first method (Figure 1).

In order to achieve a sufficient accuracy of the EGR
rate, the oxygen sensors have to be very accurate,
especially, 1if low EGR rates are applied, which is common
in heavy-duty applications. Currently, no sensors are
availlable on the market, which meet the accuracy

requirements.
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A fourth possibility is the measurement of carbon
dioxide (CO;) wupstream or downstream of the c¢ylinders,
which is widely applied in engine test benches. The
calculation of the EGR rate is done in a similar way as
when an oxygen sensor 1is used.

Though ideal from an accuracy point of view, no sensors are
currently available for mobile applications.

A fifth possibility is the measurement of the pressure

drop over the EGR line and turbine upstream temperature T3.
Taking into account the EGR valve position, the EGR mass
flow can be obtained using a throttle eguation.
The flow resistance characteristic of the EGR 1line may
significantly change over the 1lifetime because of soot
deposits, EGR cooler fouling, etc. Additionally, EGR wvalve
characteristics may significantly vary because of
production scatter. Therefore, it 1s very difficult to
ensure a stable EGR rate over the engine lifetime with this
measurement principle.

Summary of the invention

Therefore it is the main object of the present
invention to provide a method and apparatus for measuring
and controlling the EGR rate in a combustion engine which
overcomes the above problems and drawbacks.

The basic idea of the invention is the determination

of the EGR rate using pressure and temperature sensors.
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Instead of calculating the EGR rate directly from the
pressure drop over the EGR line, the EGR mass flow [dmggr]
is obtained from the difference between the total exhaust
gas mass flow [dmr.c] across the cylinders and the turbine
mass flow [dmryp] across the turbine.

These and further objects are achieved by means of a
method and apparatus for measuring and controlling the EGR
rate in a combustion engine as described in the attached
claims, which form an integral part of the present
description.

Brief description of the drawings

The invention will become fully clear from the
following detailed description, given by way of a mere
exemplifying and non limiting example, to be read with
reference to the attached drawing figures, wherein:

- Figure 1 shows a schematic of a part of an engine
circuit including sensors for the implementation of
the method of the invention;

- Figure 2 shows a block diagram of a control circuit
for implementation of a variant of the method.

The same reference numerals and letters in the figures
designate the same or functionally equivalent parts.

Detailed description of the preferred embodiments

The EGR rate, or EGR mass flow, 1s determined from the

difference between the total gas mass flow and the fuel
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mass flow in the cylinders and the gas mass flow through
the turbine.

Both the total gas mass flow and the turbine mass flow
are obtained from models, which make use of the pressure
sensors p2 (boost air pressure), P3 (turbine inlet
pressure), temperature sensor T2 (boost air temperature),
and, if available, p4 (turbine outlet pressure), and T3
(turbine inlet temperature).

Figure 1 shows the sensors in a known schematic of a
part of an engine circuit, including the engine, an EGR
cooler, a turbine , where the outlet of the EGR cooler is
brought to the inlet of the cylinders, and the outlet of
the cylinders is brought to the turbine and to the inlet of
the EGR cooler through an EGR valve.

Optionally, in order to increase the accuracy of this
measurement concept, the turbine mass flow is adapted such
that it matches the total gas mass flow, when the EGR wvalve
is closed and thus the EGR mass flow 1s zero.

The basic idea of the invention is the determination
of the EGR rate using pressure and temperature sensors.
Instead of calculating the EGR rate directly from the
pressure drop over the EGR line, the EGR mass flow dmgsr 1s
obtained indirectly from the difference between the total
exhaust gas mass flow dmy,x across the cylinders and the

turbine mass flow dmru,p, across the turbine.
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The total exhaust gas mass flow dmr.,: is obtained from
a model, where the total gas charge in a cylinder per
stroke is calculated using p2, T2, and possibly also p3 and
T3. Such models, which are often referred to as *“speed-
density models” are widely used and known.

Together with the engine speed, the actual gas mass
flow can be calculated from the gas charge. The total
exhaust gas mass flow dmr.r is then obtained as the sum of
the total gas mass flow and the fuel mass flow.

The calculation of the total gas mass flow dms,+ can be made
applying well known expressions.

The turbine mass flow dmryr 1is calculated using a
model.

If a fix geometry turbine 1is used, the turbine mass
flow dmryr can be obtained from the upstream and the
downstream pressures r3 and r4 of the turbine,
regpectively, and from the upstream temperature T3 of the
turbine. The pressure p3 1is obtained from a sensor, the
pressure p4 from a model or from a sensor. T3 is usually
obtained from a model.

If a variable geometry turbine (VGT) is used, the VGT
position has also to be taken into account for the

determination of the turbine mass flow dmyup.
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In case of a waste gate turbine, the opening of the
waste gate has also to be taken into account for the
determination of the turbine mass flow dmyup.

The calculation of the turbine mass flow dmpyp, can be
made applying well known expressions, for example derived
from a turbine model determined by using a known expression
similar to a throttle equation, as described for example
in: Guzzella, Onder: “Introduction to Modeling and Control
of Internal Combustion Engine Systems”, ISBN3-540-22274-%,
Springer-Verlag, Berlin, 2004.

The EGR mass flow dmgeek can now be obtained as the
difference between the total exhaust gas mass flow dmr.,e and

the turbine mass flow dmpyn.

dimgpcr = Ay - AT

There are several advantages by applying the method of
the invention as compared with other methods:
- The turbine hardly changes its flow resistance
characteristic over the lifetime, at least much less than
the EGR line.
— The distance between the cylinder and the turbine is very
small as compared to the one between the engine inlet and
the cylinder. Therefore, no significant transport delays
are to be expected, as for example in an air mass flow
measurement concept.

- A p3 sensor 1is potentially cheaper than mass flow
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Optionally, the accuracy of the EGR mass flow dmpe
determination is dimproved using an adaptation algorithm.
When the EGR valve 1s closed, the EGR mass flow 1is
approximately zero. Approximately zero means that there is
always an irrelevant small value, because the valve never
entirely closes.

Hence, the turbine mass flow dmry.p, equals the total
mass flow dmg... Either the EGR valve is closed deliberately
in order to allow an adaptation procedure, or conditions
are utilised, where the valve is closed anyway, for example
during acceleration. Since the turbine and the c¢ylinder
outlet are very close, the adaptation algorithm can even be
applied during transient operation.

Figure 2 shows a block diagram of a non limiting
example of the adaptation algorithm. It should be any
adaptation algorithm, where the turbine mass flow dmpuy, OF
total exhaust gas mass flow dmr.e are adjusted such that
they are equal when the EGR valve is closed.

The value of dmpu, 1s added with a feedback correction
offset wvalue coming from an integrator. The result R1 1is
subtracted from the value of dmr,+ and is fed to the input
of a block of gain correction, which can be a factor, which
is multiplied with the difference between the total mass

flow and the corrected turbine mass flow R1.
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The output of the gain correction 1s fed to the
integrator only 1if the EGR valve 1s closed. If the EGR
valve is not closed, the input of the integrator is zero.

In possible variants of the adaptation algorithm,
instead of a correction offset, which 1is added to the
turbine mass flow dmpurn, also any other correction
mechanism can be applied.

A correction factor can be multiplied with the turbine
mass flow dmpyp OF any other mathematical/algebraic
calculation can be used such as correction curves or
correction maps.

Instead of the turbine mass flow dmryp, the total mass
flow dmr.,r can be corrected in the same manner.

Instead of an integrator, also a correction curve or map
can be used to calculate the correction offset, factor, or
function.

The main principle, however, remains, where any
correction 1is applied such that the the integrator or
similar mechanism eventually forces the turbine and the
total exhaust gas mass flow to be equal, when the EGR valve
is closed.

More generally, 1in case of presence of more than one
turbine in the engine system, or with more complicated
engine structures, the general principle of the method

remains the same.
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For example, with more complicated structures
including at least two turbines, it is important that the
turbine mass flow dmp,r 0f a turbine downstream of the EGR
connection is determined.

For high pressure EGR, the turbine mass flow dmryp of
the first or second turbine has to be determined, for mid
pressure EGR, the turbine mass flow dmmyp, 0f the second
turbine.

The method of the present invention can be
advantageously implemented through a program for computer
comprising program coding means for the implementation of
one or more steps of the method, when this program 1is
running on a computer. Therefore, it is understood that the
scope of protection is extended to such a program for
computer and in addition to a computer readable means
having a recorded message therein, said computer readable
means comprising program coding means for the
implementation of one or more steps of the method, when
this program is run on a computer.

Many changes, modifications, variations and other uses
and applications of the subject invention will become
apparent to those skilled in the art after considering the
specification and the accompanying drawings which disclose
preferred embodiments thereof. All such changes,

modifications, variations and other uses and applications



WO 2011/076837 PCT/EP2010/070470

12

which do not depart from the spirit and scope of the
invention are deemed to be covered by this invention.
Further implementation details will not be described,
as the man skilled in the art i1is able to carry out the
invention starting from the teaching of the above

description.
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CLAIMS

1. Method for measuring and controlling the EGR rate
in a combustion engine system, the system comprising at
least an EGR cooler, an EGR valve and a turbine, the method
comprising determining an EGR mass flow (dmggr) from the
difference between a total exhaust gas mass flow (dmrer)
across the engine <c¢ylinders, and a turbine mass flow
(dmryrn) across the turbine.

2. Method according to claim 1, wherein said total
exhaust gas mass flow (dmp..) 1s obtained by:

- a total gas charge in a cylinder per stroke, calculated
using boost air pressure (p2), boost air temperature (T2)
at the engine inlet, and possibly turbine inlet pressure
(p3) and turbine inlet temperature (T3);

- together with the engine speed, calculating an actual
gas mass flow from a gas charge;

- obtaining said total exhaust gas mass flow (dmy.,.) as the
sum of the total gas mass flow and the fuel mass flow.

3. Method according to claim 1 or 2, wherein, in a
further step of adaptation, the turbine mass flow (dmpurp)
or total exhaust gas mass flow (dmg.) are adjusted such
that they are equal when the EGR valve is closed

4, Method according to <c¢laim 3, comprising the
following steps:

- adding or multiplying said turbine mass flow (dmruep)
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value with a feedback correction value or respectively with
a feedback correction factor coming from an integrator or
from a correction curve or map;

- adding the result of the previous step to the wvalue of
said exhaust gas mass flow (dmret);

- applying a gain correction to the result of the previous
step;

- feeding said integrator with the result of the previous
step, only if the EGR valve is closed; if the EGR valve 1is
not closed, the input of the integrator is =zero.

5. Method according to claim 4, wherein said turbine
mass flow (dmryp) and said exhaust gas mass flow (dmr.e) are
reciprocally exchanged.

6. Method according to c¢laim 1, wherein, in case of
fixed geometry turbine, said turbine mass flow (dmruyyp) 1S
obtained from an upstream and a downstream pressures (p3,
p4) of the turbine, respectively, and from an upstream
temperature (T3) of the turbine, the downstream pressure
(p3) being obtained from a sensor, the downstream pressure
(r4) from a model or from a sensor, the upstream
temperature (T3) from a sensor or a model.

7. Method according to claim 6, wherein, in case of
a variable geometry turbine (VGT), the VGT position has
also to be taken into account for the determination of said

turbine mass flow (dmruy) .
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8. Method according to claims 6 or 7, wherein, in
case of a waste gate turbine, the opening of the waste gate
has also to be taken into account for the determination of
salid turbine mass flow (dmryrp) -

9. Method according to claim 6, wherein, in case of
more than one turbine, the turbine mass flow (dmp,,) 0f a
turbine downstream of an EGR connection is determined.

10. Method according to claim 9, wherein, for high
pressure EGR, the turbine mass flow (dmy.p) of the first or
second turbine has to be determined, for mid pressure EGR,
the turbine mass flow (dmryrp) ©of the second turbine has to
be determined.

11. Apparatus for measuring and controlling the EGR
rate in a combustion engine system, the engine system
comprising at least an EGR cooler, an EGR valve and a
turbine, the apparatus comprising means for 1implementing
the method of any of the preceding claims, said means
comprising pressure and temperature sensors, upstream and
downstream the engine and the turbine.

12. Vehicle comprising an apparatus for measuring and
controlling the EGR rate in a combustion engine system, as
in claim 11.

13. Computer program comprising computer program code
means adapted to perform all the steps of claims 1 to 10,

when said program is run on a computer.
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14. A computer readable medium having a program
recorded thereon, said computer readable medium comprising
computer program code means adapted to perform all the
steps of claims 1 to 10, when said program is run on a

computer.
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