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(54) Method for controlling the temperature of the exhaust gas in an internal combustion engine

(57) Method of controlling the temperature (Texhgas)
of the exhaust gas in an internal combustion engine (1);
said method of control consisting of: determining the air/
fuel ratio (λ) of the exhaust gas; determining the speed

(ωmot) of rotation of the internal combustion engine (1);
and estimating the effective temperature (Texhgas) of the
exhaust gas as a function of the air/fuel ratio (λ) of the
exhaust gas and as a function of the speed (ωmot) of
rotation of the internal combustion engine (1).
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Description

TECHNICAL FIELD

[0001] The present invention relates to a method for controlling the temperature of the exhaust gas in an internal
combustion engine.

BACKGROUND ART

[0002] In an internal combustion engine, the exhaust gas produced during combustion in the cylinders reaches high
temperatures which in turn cause significant heating of all the components through which said exhaust gas flows, namely
the cylinder head, the exhaust manifold, the exhaust system (ducts, catalysts and mufflers) and, if present, the turbine
of the turbocharger. The parts that become the hottest are clearly those which are closest to the cylinders and which
are not cooled by the fluid cooling system, namely the exhaust manifold and, if present, the turbocharger turbine.
[0003] One purpose of the engine control system is to control the maximum temperature of the exhaust gas in order
to limit the maximum temperature reached by the components through which the exhaust gas flows, particularly with
the engine at full power or almost at full power, i.e. with a high exhaust gas flow rate (and thus with a high heating
capacity). However, the inevitable structural leakages and variations that occur over time which affect all the components
of an internal combustion engine can lead to errors, which may even be significant, in the strategy adopted to limit the
maximum temperature of the exhaust gas and thus despite the intervention of the strategy to limit the maximum tem-
perature of the exhaust gas the effective temperature of the exhaust gas may exceed the maximum limit defined in the
design stage so that the components through which the exhaust gas flows may be exposed to excessive heating which
can cause mechanical stress and eventually lead to deformations, cracking and even breakage due to fatigue.
[0004] For example, over-performance by the fuel injectors (i.e. if the fuel injectors supply more than the set amount
of fuel) may cause a sudden rise in the maximum temperature of the exhaust gas; similarly, under-performance by the
pressure sensor in the intake manifold (i.e. if the pressure in the intake manifold is underestimated) may cause a sudden
rise in the maximum temperature of the exhaust gas as this value is used as a feedback variable for controlling the
turbocharger.
[0005] Installing a temperature sensor in the exhaust manifold of the internal combustion engine in order to obtain a
direct measurement of the temperature of the exhaust gas has been proposed as a solution for preventing excessive
heating of the components through which the exhaust gas flows. This solution is certainly effective, in that when the
temperature of the exhaust gas is read in the exhaust manifold, action can be taken quickly and effectively to limit the
maximum temperature of the exhaust gas; however, this solution has the disadvantage of requiring the installation of
an additional component (the temperature sensor) which is rather expensive and above all must be installed in an area
of the internal combustion engine that is particularly inconvenient due to the high level of thermal stress present in that area.

DISCLOSURE OF INVENTION

[0006] The purpose of the present invention is to provide a method for controlling the temperature of the exhaust gas
in an internal combustion engine, said method of control overcoming the drawbacks described above and, in particular,
being easy and inexpensive to produce.
[0007] According to the present invention a method for controlling the temperature of the exhaust gas in an internal
combustion engine is provided according to that set forth in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The present invention will now be described with reference to the attached drawings, illustrating a nonlimiting
embodiment thereof, in which:

- figure 1 is a schematic illustration of a turbocharged internal combustion engine provided with an electronic control
unit which implements a method for controlling the maximum temperature of the exhaust gas according to the
present invention;

- figure 2 is a graph illustrating the result of a test which shows the relationship between the effective temperature of
the exhaust gas and the air/fuel ratio of the exhaust gas; and

- figure 3 shows a block diagram of an engine control logic implemented in an electronic control unit of the internal
combustion engine of figure 1.
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PREFERRED EMBODIMENTS OF THE INVENTION

[0009] In figure 1, number 1 indicates, as a whole, a turbocharged internal combustion engine provided with a turbo-
charging system.
[0010] The internal combustion engine 1 comprises four injectors 2 which supply the fuel directly to four cylinders 3,
each of which is connected to an intake manifold 4 by means of at least one respective intake valve (not illustrated) and
to an exhaust manifold 5 via at least one respective exhaust valve (not illustrated). The intake manifold 4 receives fresh
air (i.e. air from the external environment) through an intake duct 6, which is provided with an air filter 7 and is controlled
by a butterfly valve 8. An intercooler 9 is arranged along the intake duct 6 for the purpose of cooling the intake air. An
exhaust duct 10 is connected to the exhaust manifold 5 and delivers the exhaust gas produced during combustion to
an exhaust system, which discharges the combustion gases into the atmosphere and normally comprises at least one
catalyst 11 (which may be provided with a particulate filter) and at least one muffler (not illustrated) arranged downstream
of the catalyst 11.
[0011] The turbocharging system 2 of the internal combustion engine 1 comprises a turbocharger 12 provided with a
turbine 13, which is arranged along the exhaust duct 10 so as to turn at high speed under the action of the exhaust gas
discharged by the cylinders 3, and a compressor 14, which is arranged along the intake duct 6 and is mechanically
connected to the turbine 13 so as to be made to turn by said turbine 13 to increase the pressure of the air in the intake duct 6.
[0012] A bypass duct 15 is provided along the exhaust duct 10 and is connected in parallel to the turbine 13 so that
the ends thereof are connected upstream and downstream of said turbine 13; a wastegate valve 16 is arranged along
the bypass duct 15 and is suited to regulate the flow rate of the exhaust gas through the bypass duct 15 and is controlled
by a solenoid valve 17. A bypass duct 18 is provided along the intake duct 6 and is connected in parallel to the compressor
14 so that the ends thereof are connected upstream and downstream of said compressor 14; a pop-off valve 19 is
arranged along the bypass duct 18 and is suited to regulate the flow rate of the exhaust gas through the bypass duct
18 and is controlled by a solenoid valve 20.
[0013] The internal combustion engine 1 is controlled by an electronic control unit 21, which manages the operation
of all the components of the internal combustion engine 1. The electronic control unit 21 is connected to a sensor 22
which measures the temperature Taircol and the pressure Paircol of the air in the intake manifold 4, to a sensor 23 which
measures the speed ωmot of rotation of the internal combustion engine, and to a sensor 24 (typically an oxygen linear
sensor of the UEGO type) which measures the air/fuel ratio of the exhaust gas upstream of the catalyst 11.
[0014] One function of the electronic control unit 21 is to implement a control strategy to limit the effective temperature
Texhgas of the exhaust gas in order to prevent excessive heating of all the components through which said exhaust gas
flows. The method of control used by the electronic control unit 21 to limit the effective temperature Texhgas of the exhaust
gas will now be described.
[0015] The electronic control unit 21 estimates the effective temperature Texhgas of the exhaust gas essentially as a
function of the air/fuel ratio λ of the exhaust gas. In particular, the electronic control unit 21 estimates an increase ∆T in
temperature essentially as a function of the air/fuel ratio λ of the exhaust gas and then calculates the effective temperature
Texhgas of the exhaust gas by adding the increase ∆T in temperature to the temperature Taircol of the air in the intake
manifold 4 according to the following equation: 

Texhgas effective temperature of the exhaust gas;
Taircol temperature of the air in the intake manifold 4;
∆T increase in temperature;
λ air/fuel ratio of the exhaust gas;
ωmot speed of rotation of the internal combustion engine 1.

[0016] According to a preferred embodiment, the increase ∆T in temperature is calculated as a function of the air/fuel
ratio λ of the exhaust gas and as a function of the speed ωmot of rotation of the internal combustion engine 1; it is important
to note that in calculating the increase ∆T in temperature the main variable is the air/fuel ratio λ of the exhaust gas while
the speed ωmot of rotation of the internal combustion engine 1 is merely a correction variable.
[0017] It is also important to note that the electronic control unit 21 only estimates the effective temperature Texhgas
of the exhaust gas as a function of the air/fuel ratio λ of the exhaust gas as described above when the speed ωmot of
rotation of the internal combustion engine 1 exceeds a threshold value determined in the design stage; the relationship
between the effective temperature Texhgas of the exhaust gas and the air/fuel ratio λ of the exhaust gas is in actual fact
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only reliable at high or medium-high engine speeds. It is important to note that, in practice, said limitation in the estimation
of the effective temperature Texhgas of the exhaust gas is irrelevant, in that at low or medium speeds combustion only
involves a limited amount of fuel and air and the flow rate and temperature of the exhaust gas are therefore also limited;
consequently, no practical advantage is gained from controlling and limiting the effective temperature Texhgas of the
exhaust gas at low or medium speeds since at low or medium speeds the components through which the exhaust gas
flows are never subjected to excessive heating.
[0018] In particular, it has been observed that at high or medium-high speeds, the variation in the effective temperature
Texhgas of the exhaust gas is inversely proportional to the air/fuel ratio λ of the exhaust gas so that when the air/fuel ratio
λ of the exhaust gas increases the effective temperature Texhgas of the exhaust gas falls and vice versa.
[0019] According to a preferred embodiment, the law whereby the effective temperature Texhgas of the exhaust gas
is a function of the air/fuel ratio λ of the exhaust gas and a function of the speed ωmot of rotation of the internal combustion
engine 1 is determined on the basis of tests performed in the design stage and during set-up of the internal combustion
engine 1 and is stored by points in a memory of the electronic control unit 21. In other words, during the design and set-
up of the internal combustion engine 1 the internal combustion engine 1 is provided with a temperature sensor that
directly and extremely precisely measures the effective temperature Texhgas of the exhaust gas; it is thus possible to
associate the various air/fuel ratio λ and speed ωmot of rotation combinations with the corresponding effective temperature
Texhgas of the exhaust gas.
[0020] By way of example, figure 2 illustrates the result of a test on an internal combustion engine at full load: the
continuous line represents the pattern in the air/fuel ratio λ (on the abscissa axis with right scale) as the speed of rotation
(on the ordinate axis) changes, while the dashed line represents the trend in the effective temperature Texhgas of the
exhaust gas (on the abscissa axis with left scale) when the speed of rotation (on the ordinate axis) changes. It is clear
that at high speeds of rotation, the variation in the effective temperature Texhgas of the exhaust gas is inversely proportional
to the air/fuel ratio λ of the exhaust gas.
[0021] The above description with respect to the relationship between the effective temperature Texhgas of the exhaust
gas and the air/fuel ratio λ of the exhaust gas can be justified by referring to the simplified energy balance equation
applied to the internal combustion engine 1, considering in particular the points where no EGR is present (high speeds
of rotation and high loads) : 

mfuel amount of fuel injected into the cylinders;
Hcal lowest calorific value of the fuel;
T engine torque generated;
ωmot speed of rotation of the internal combustion engine 1;
cp specific heat of the air;
mair mass of air drawn into the cylinders 3;
Texhgas effective temperature of the exhaust gas;
Taircol temperature of the air in the intake manifold 4;
h heat transfer coefficient of the cylinders 3;
Scyl total heat transfer surface of the cylinders 3;
Tgascyl effective temperature of the gas in the cylinders 3;
Tcooling temperature of fluid cooling the cylinders 3.

[0022] Once the combustion parameters have been defined (speed of rotation, injection pattern, fuel supply pressure...)
the energy introduced via the fuel is spread between the mechanical work generated (engine torque T generated), the
heat transferred to the exhaust gas and the heat transferred to the cooling system of the cylinders 3 (water and oil).
[0023] The equation [2] can be used to express the effective temperature Texhgas of the exhaust gas as inversely
proportional to the air/fuel ratio λ of the exhaust gas using a coefficient k, which can be determined experimentally and
is a function of the speed ωmot of rotation: 
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Texhgas effective temperature of the exhaust gas;
Taircol temperature of the air in the intake manifold 4;
k coefficient that can be determined experimentally as a function of the speed ωmot of rotation;
ωmot speed of rotation of the internal combustion engine 1;
mfuel amount of fuel injected into the cylinders;
mair mass of air drawn into the cylinders 3;
λ air/fuel ratio of the exhaust gas;

[0024] It is important to note that the equation [4] is exactly equivalent to the equation [1] shown above.
[0025] Figure 3 is a block diagram illustrating an engine control logic implemented in the electronic control unit 21.
According to the block diagram illustrated in figure 3, the electronic control unit 21 determines a request Trequest for
torque as a function of the position of an accelerator pedal; based on the request Trequest for torque the electronic control
unit 21 determines a request mfuelrequest for fuel that is limited according to a fuel limit mfuellimit. The amount mfuelinj of
fuel to be injected consists of the lower between the request mfuelrequest for fuel and the fuel limit mfuellimit so that the
amount mfuelinj of fuel to be injected can never exceed the fuel limit mfuemimit; the amount mfuelinj of fuel to be injected
is used by the electronic control unit 21 to determine (essentially as a function of a fuel delivery pressure Prail) a signal
ET to control the fuel injectors 2.
[0026] As a function of the load of the internal combustion engine 1 and as a function of the speed ωmot of rotation of
the internal combustion engine 1, the electronic control unit 21 determines the maximum acceptable temperature Tmax
of the exhaust gas that must not be exceeded to avoid damage to the components through which the exhaust gas flows.
Moreover, the electronic control unit 21 estimates the effective temperature Texhgas of the exhaust gas as a function of
the air/fuel ratio λ of the exhaust gas and as a function of the speed ωmot of rotation of the internal combustion engine
1 as described above. Thus, the electronic control unit 21 compares the maximum acceptable temperature Tmax of the
exhaust gas with the effective temperature Texhgas of the exhaust gas and defines the fuel limit mfuellimit on the basis of
the result of said comparison. In other words, the electronic control unit 21 uses the fuel limit mfuellimit to limit, if necessary,
the torque generated by the internal combustion engine 1 in order to maintain the effective temperature Texhgas of the
exhaust gas at no more than the maximum acceptable temperature Tmax of the exhaust gas.
[0027] The method for controlling the temperature of the exhaust gas as described above has numerous advantages.
In particular, the method for controlling the temperature of the exhaust gas described above is particularly accurate and
reliable in that it allows the effective temperature Texhgas of the exhaust gas to be estimated when necessary and to an
adequate degree of precision and thus allows the engine control system implemented in the electronic control unit 21
to intervene rapidly and effectively to maintain the maximum temperature of the exhaust gas within the limit set in the
design stage. It is important to note that with the method for controlling the temperature of the exhaust gas described
above the effective temperature Texhgas of the exhaust gas can be calculated extremely precisely when the internal
combustion engine 1 is at full power or almost at full power i.e. when there is most need to effectively limit the maximum
temperature of the exhaust gas.
[0028] Moreover, the method for controlling the temperature of the exhaust gas described above is particularly simple
and economical to implement in the electronic control unit 21, in that it uses components that are already present in a
modern internal combustion engine 1 and therefore does not involve the installation of any specific components.

Claims

1. Method for controlling the temperature (Texhgas) of the exhaust gas in an internal combustion engine (1); the method
of control comprising the step of determining the air/fuel ratio (λ) of the exhaust gas; the method of control being
characterized in that it comprises the additional step of estimating the effective temperature (Texhgas) of the exhaust
gas as a function of the air/fuel ratio (λ) of the exhaust gas.
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2. Method of control according to claim 1, wherein to estimate the effective temperature (Texhgas) of the exhaust gas
the air/fuel ratio (λ) of the exhaust gas is measured upstream of a catalyst (11).

3. Method of control according to claim 1 or 2 wherein the variation in the effective temperature (Texhgas) of the exhaust
gas is inversely proportional to the air/fuel ratio (λ) of the exhaust gas so that when the air/fuel ratio (λ) of the exhaust
gas increases the effective temperature (Texhgas) of the exhaust gas falls.

4. Method of control according to claim 1, 2 or 3 and comprising the additional steps of:

determining the temperature of the air in an intake manifold (4); and
estimating the effective temperature (Texhgas) of the exhaust gas as a function of the air/fuel ratio (λ) of the
exhaust gas and as a function of the temperature (Taircol) of the air in the intake manifold (4).

5. Method of control according to claim 4 and comprising the additional steps of:

estimating an increase (∆T) in the temperature as a function of the air/fuel ratio (λ) of the exhaust gas; and
calculating the effective temperature (Texhgas) of the exhaust gas by adding the increase (∆T) in temperature
to the temperature (Taircol) of the air in the intake manifold (4).

6. Method of control according to one of the claims from 1 to 5 and comprising the additional steps of:

determining the speed (ωmot) of rotation of the internal combustion engine (1); and
estimating the effective temperature (Texhgas) of the exhaust gas as a function of the air/fuel ratio (λ) of the
exhaust gas and as a function of the speed (ωmot) of rotation of the internal combustion engine (1).

7. Method of control according to one of the claims from 1 to 6 and comprising the additional steps of:

determining the speed (ωmot) of rotation of the internal combustion engine (1); and
estimating the effective temperature (Texhgas) of the exhaust gas as a function of the air/fuel ratio (λ) of the
exhaust gas only if the speed (ωmot) of rotation of the internal combustion engine (1) exceeds a threshold value.

8. Method of control according to one of the claims from 1 to 7 and comprising the additional steps of:

determining a maximum acceptable temperature (Tmax) of the exhaust gas;
comparing the effective temperature (Texhgas) of the exhaust gas with the maximum acceptable temperature
(Tmax) of the exhaust gas; and
limiting, if necessary, the torque generated by the internal combustion engine (1) to maintain the effective
temperature (Texhgas) of the exhaust gas below the maximum acceptable temperature (Tmax) of the exhaust gas.

9. Method of control according to claim 8 and comprising the additional steps of:

determining the speed (ωmot) of rotation of the internal combustion engine (1);
determining a load of the internal combustion engine (1); and
determining the maximum acceptable temperature (Tmax) of the exhaust gas as a function of the speed (ωmot)
of rotation of the internal combustion engine (1) and of the load of the internal combustion engine (1).

10. Method of control according to claim 8 or 9 and comprising the additional step of limiting the torque generated by
the internal combustion engine (1) by reducing the amount (mfuelinj) of fuel to be injected.

11. Method of control according to claim 10 and comprising the additional steps of:

determining a fuel limit (mfuellimit) as a function of the difference between the effective temperature (Texhgas) of
the exhaust gas and the maximum acceptable temperature (Tmax) of the exhaust gas; and
limiting the amount (mfuelinj) of fuel to be injected according to the fuel limit (mfuellimit).
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Amended claims in accordance with Rule 137(2) EPC.

1. Method for controlling the temperature (Texhgas) of the exhaust gas in an internal combustion engine (1); the
method of control comprising the steps of:

determining the temperature (Taircol) of the air in an intake manifold (4);
determining the air/fuel ratio (λ) of the exhaust gas; and
estimating the effective temperature (Texhgas) of the exhaust gas as a function of the air/fuel ratio (λ) of the
exhaust gas and as a function of the temperature (Taircol) of the air in the intake manifold (4) ;
the method of control being characterized in that it comprises the additional step of
determining the speed (ωmot) of rotation of the internal combustion engine (1);
estimating the effective temperature (Texhgas) of the exhaust gas as a function of the air/fuel ratio (λ) of the
exhaust gas only and as a function of the temperature (Taircol) of the air in the intake manifold (4) if the speed
(ωmot) of rotation of the internal combustion engine (1) exceeds a threshold value;
estimating an increase (∆T) in the temperature as a function of the air/fuel ratio (λ) of the exhaust gas and as
a function of the speed (ωmot) of rotation of the internal combustion engine (1); and
estimating the effective temperature (Texhgas) of the exhaust gas by adding the increase (∆T) in temperature to
the temperature (Taircol) of the air in the intake manifold (4) according to the following equation: 

Texhgas effective temperature of the exhaust gas;
Taircol temperature of the air in the intake manifold (4);
∆T increase in temperature;
λ air/fuel ratio of the exhaust gas;
ωmot speed of rotation of the internal combustion engine (1).

2. Method of control according to claim 1, wherein to estimate the effective temperature (Texhgas) of the exhaust
gas the air/fuel ratio (λ) of the exhaust gas is measured upstream of a catalyst (11).

3. Method of control according to claim 1 or 2 and comprising the additional steps of:

determining a maximum acceptable temperature (Tmax) of the exhaust gas;
comparing the effective temperature (Texhgas) of the exhaust gas with the maximum acceptable temperature
(Tmax) of the exhaust gas; and
limiting, if necessary, the torque generated by the internal combustion engine (1) to maintain the effective
temperature (Taxngas) of the exhaust gas below the maximum acceptable temperature (Tmax) of the exhaust gas.

4. Method of control according to claim 3 and comprising the additional steps of:

determining the speed (ωmot) of rotation of the internal combustion engine (1);
determining a load of the internal combustion engine (1); and
determining the maximum acceptable temperature (Tmax) of the exhaust gas as a function of the speed (ωmot)
of rotation of the internal combustion engine (1) and of the load of the internal combustion engine (1).

5. Method of control according to claim 3 or 4 and comprising the additional step of limiting the torque generated
by the internal combustion engine (1) by reducing the amount (mfuelinj) of fuel to be injected.

6. Method of control according to claim 5 and comprising the additional steps of:

determining a fuel limit (mfuellimit) as a function of the difference between the effective temperature (Texhgas) of
the exhaust gas and the maximum acceptable temperature (Tmax) of the exhaust gas; and
limiting the amount (mfuelinj) of fuel to be injected according to the fuel limit (mfuellimit).
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