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(54) METHOD FOR ESTIMATING AN AIR MASS FLOW RATE ENTERING A FOUR-STROKE SPARK 
IGNITED ENGINE

(57) A method for estimating an air mass flow (m)
entering a cylinder of a four-stroke positive ignition en-
gine (E), equipped with an intake manifold (1M) and at
least one intake valve and a pressure (PS) and a tem-
perature (TS) sensor associated with the intake manifold,
the method being based on a model for estimating the
air mass flow rate comprising a first contribution
(f(p,T,Ne,η,.,.)) calculated by means of a modelling in
stationary conditions of the estimate of the mass of air
entering the engine, a second contribution

 function of an average pressure
and a relative derivative over time, estimated as a func-
tion of pressure at the intake manifold a third contribution

 as a function of a temperature and
a relative time derivative estimated at said intake mani-
fold, wherein the second contribution is positive, while
the third contribution is negative.
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Description

Field of the invention

[0001] The present invention relates to the field of methods for estimating the air mass flow entering a positive ignited
engine by controlling the pressure at the intake manifold.

State of the art

[0002] The difficulty in calculating the quantity of air trapped in the cylinder lies in the fact that the quantity of air is not
directly measurable with sensors having a reasonable cost for mass production.
[0003] Thus, the amount of air trapped in the cylinder is estimated. Thus, the estimation of the quantity of air ("air
charge estimation") which is trapped in the cylinders of a spark ignition internal combustion engine is essential for
calculating the quantity of fuel to be injected, in such a way as to maintain the Air/Fuel at the stoichiometric or desired value.
[0004] Therefore, the estimation is of crucial importance for the approvals relating to the regulations on pollutant
emissions and for the reduction of fuel consumption to the minimum possible.
[0005] Digital computing systems in the last 30 years have allowed the calculation of this estimation through its im-
plementation in the Engine Control Unit (ECU) . Increasingly refined and complex estimation methods have been grad-
ually developed to ensure compliance with the regulations on pollutant emissions and ensure that the engine consumes
the minimum fuel possible based on the value of the Air/Fuel ratio required.
[0006] The mass flow rate of the air entering a cylinder can be described by a set of well-known physical laws, known
as the Navier-Stokes equations. The aforementioned equations both in their one-dimensional form and, a fortiori, in their
three-dimensional form are not practical and feasible to implement in the ECUs on the market, as they require modelling
with non-lumped parameters but on several points, the greater in number the more precise is desired the calculation,
with the related problem of boundary and initial conditions which are essential in this context.
[0007] The ECUs must meet the fundamental requirement of "running" a real-time calculation system with all the
limitations in computational terms that it entails. Finally, any ECU must manage all the various aspects related to engine
operation, where the estimation and control of the mass flow of air entering the engine represents only a portion of the
overall computational load.
[0008] For these reasons, this estimation tends to be an approximation of complex thermo-fluid dynamic phenomena
based on considerations and intuitions, left to the inventiveness of the designer, which produce an estimate model which
is a compromise between physical laws, computational cost and effort in calibrating and maintain the estimation model
itself.
[0009] Over the years, estimation methods have been developed based on the more or less extensive use of functions
of one or two variables, implemented through interpolation on fixed points and whose value is known/determined, the
so-called "maps" and/or "curves". These maps try to characterize the thermo-fluid dynamic phenomena during engine
operation.
[0010] Well-known equations often contain parameterized adjustment coefficients on such maps and/or curves to
allow the ideal behaviour given by the equations to adhere to the real behaviour of the engine.
[0011] The most commonly used equations are those relating to the equations of ideal gases and/or the equation of
isentropic mass flow through a valve or a constriction of a duct and/or other physical relations of thermo-fluid dynamics
to derive relations, approximations of certain phenomena and mathematical-numerical adjustments to carry out the
calculation of this estimate.
[0012] Another requirement of the estimation methods is that they must be invertible, in the sense of allowing control
of the mass of air that the cylinder traps in order to control the generated/delivered torque. In general, the estimation
method provides, in a given time instant, the mass flow rate trapped in the cylinder starting from the value assumed at
that instant by the quantities measured by the sensors available and the positions of the actuators present in the intake
system and engine exhaust. On the other hand, the control method aims at controlling the position of the actuators to
impose a predetermined mass flow rate value of air entering the engine to achieve a corresponding predetermined
torque value.
[0013] The models used, therefore, must allow both the calculation of the estimate of the amount of air and its control
to be reliable and easily implementable in the ECU.
[0014] An important point to take into consideration is that the estimation methods generally adopted are based on
an average value, as each single cylinder does not suck in exactly the same air as the others and their pumping generates
a periodic oscillation of the pressure at the inside of the intake manifold. Therefore, the estimate is based on an average
value of the pressure trend both in terms of time and with respect to the single cylinder.
[0015] The estimation of the amount of air when the engine is stationary, i.e. at a constant engine rotation speed and
with the actuators stationary, does not present any particular problems. Over the years, estimations based initially on
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simple two-dimensional maps have been taken into consideration, and later on increasingly complex calculations based
on the physics of cylinder operation, up to the use of very sophisticated and complex algorithms.
[0016] One of the best-known equations implemented is named Speed-density: 

where m denotes the average air mass flow rate drawn by a single cylinder of a 4-stroke engine, ρ the air density, Vcyl
the cylinder volume, Ne the engine rotation speed and η is the so-called volumetric filling coefficient or volumetric
efficiency.
[0017] The problem becomes more complicated when the engine is not in stationary conditions.
[0018] In this case, several techniques based on various approaches have been devised and implemented, including
many that attempt to estimate the volumetric coefficient of the engine in the event of a transient. The estimation of the
amount of air during a transient therefore represents a notable complicating factor and the most consistent efforts are
based on transients to develop ideas and methods with which to obtain the aforementioned estimate.
[0019] Further complications are due to the presence of systems aimed at increasing the volumetric efficiency such
as the cam phase variators in the intake and exhaust.
[0020] Typically, available sensors are temperature, pressure and/or air mass flow sensors. They are generally located
somewhere between the throttle valve and the engine head.
[0021] This positioning is identified by considering the high temperatures reached by the engine head, in order not to
damage the sensors themselves.
[0022] Unless specifically excluded in the detailed description that follows, what is described in this chapter is to be
considered as an integral part of the detailed description.

Summary of the invention

[0023] The object of the present invention is to indicate a method for estimating an air mass flow rate entering a spark
ignited engine that is reliable, accurate and at the same time simple to implement with a reasonable computational load.
[0024] The basic idea of the present invention is to consider an estimation model based on pressure and temperature
measured at the intake manifold and related derivatives.
[0025] The idea arose when, by installing a thermocouple near the intake valve, a significant variation in temperature
was observed in relation to the mass flow rate entering the engine. However, the positioning of the temperature sensor
away from the cylinder head does not allow to detect these important variations in the event of sudden openings of the
butterfly valve followed by sudden closures. Probably, this is the reason why historically everybody have always been
satisfied with the well-known Speed-Density formula.
[0026] We asked ourselves how the temperature and its variation could be appropriately taken into account in the
modelling of the mass flow rate of air entering the engine.
[0027] A method for estimating the mass flow rate of air entering the SI engine is shown below with a relative math-
ematical justification.
[0028] The dependent claims describe preferred variants of the invention, forming an integral part of the present
description.

Brief description of the figures

[0029] Further objects and advantages of the present invention will become clear from the detailed description that
follows of an embodiment of the same (and of its variants) and from the annexed drawings given for purely explanatory
and non-limiting purposes, in which:

Fig. 1 shows an example of an estimation scheme according to the method object of the present invention;
Fig. 2 shows a spark ignited internal combustion engine implementing the present estimation method.

[0030] The same reference numbers and letters in the figures identify the same elements or components or functions.
[0031] It should also be noted that the terms "first", "second", "third", "superior", "inferior" and the like may be used
herein to distinguish various elements. These terms do not imply a spatial, sequential, or hierarchical order for the
modified items unless specifically indicated or inferred from the text.
[0032] The elements and characteristics illustrated in the various preferred embodiments, including the drawings, can
be combined with each other without however departing from the scope of protection of the present application as

·
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described below.

Detailed description

[0033] With reference to Fig. 2, an Otto-cycled internal combustion engine E comprises a cylinder closed by a head
(not shown) and a piston slidingly associated with the cylinder C to achieve reciprocating motion. At least one intake
valve and at least one exhaust valve and a spark plug (not shown) are arranged in the cylinder head.
[0034] The engine is supplied with fresh air via an intake manifold IM on which a throttle valve TV is arranged.
[0035] A temperature sensor TS and a pressure sensor PS are arranged between the throttle valve TV and the intake
valve.
[0036] They are generally arranged at an intermediate point between the throttle valve and the intake valve, so as not
to be damaged by the high temperatures reached in the engine head. This is the reason why it is possible to have a
thermocouple placed in the head close to the intake valve only during bench tests. However, as we will see, the operations
carried out on the bench are sufficient to model the temperature at the intake valve even though a temperature sensor
TS is used which is located away from the cylinder head.
[0037] The idea behind the control scheme illustrated below with the help of Fig. 1 is based on the consideration that
the mass of air trapped in the cylinder is given by the relation 

[0038] From this equality it can be deduced that the flow of air passing through the intake valve is given by the time
derivative of the mass. For convenience, the time derivative is indicated by the operator []. However, downstream of the
experiments mentioned above it was realized that the temperature variation close to the intake valve involves a variation
in the density of the fluid, therefore the derivative of the air mass becomes: 

[0039] Il term ρVcyl generates to the well-known "speed-density" equation described above, for calculating the fresh
air trapped in the cylinders and thus represents the mean steady-state mass flow.
[0040] The term ρVcyl, instead, takes into account the variation of air density in the volume under consideration. The
density variation is precisely the factor that takes into account the transient phenomena due to pressure and temperature
variations in the volume considered. The density is given by the well-known ideal gas equation: 

[0041] Therefore, differentiating in respect of the pressure p and the temperature T it is obtained: 

[0042] Multiplying the first member by  and the second member by  it follows: 

·

·
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[0043] From which it is derived: 

[0044] If one approximates the operation of the 4-stroke internal combustion engine as a positive displacement pump
it is obtained 

[0045] Thus, 

[0046] It can therefore be seen that the mass flow of air is now a function of the density and volume of the cylinder,
but not of the relative derivatives, and a function of pressure and temperature and of the relative derivatives over time.
[0047] If we limit ourselves to the first member of the equation, we return to the speed-density used for the estimation
of the average mass flow rate in stationary conditions to which the well-known adjustment coefficient named "volumetric
filling coefficient" is generally associated η. η has the aim not only to make the ideal model adhere to the real behaviour
of the engine in stationary conditions, but also to take into account the fact that the mass flow rate is variable due to an
integer and finite number of cylinders that suck in air from the intake manifold at different times according to the crankshaft
angle and also according to the adjustments made by a possible phase variator relating to the opening of the intake
valves, creating dynamic effects connected to pressure oscillations generated by this cause. By analogy, the previous
equation can be rewritten as: 

[0048] Where m and ν are adjustment coefficients for the transient phenomena related respectively to pressure and
temperature. The factor m, implemented through a lookup table, can be made a function of the most suitable variables,
preferably of the engine rotation speed, and is calibrated so as to reduce deviations from the stoichiometric ratio and
more precisely, so as to reduce the first lean peak of the air/fuel ratio and the consequent rich peak of the ratio, when
a rapid opening followed by a rapid closing of the throttle valve is performed.
[0049] U can be also a function of one or two variables and is used to calibrate transients due to temperature variations.
In order for the control to be most effective, the temperature to be considered must be as close as possible to the intake
valve and more preferably in a point between the valve and the injector in the case of a PFI type engine. In the following,
the expression "close to the intake valve" means that the point at which the air temperature is estimated and its first
derivative in time are estimated as close as possible to the intake valve, in contrast to the fact that the temperature
sensor in mass-produced engines is located away from the cylinder head.
[0050] This is because the temperature at that point is significantly different from the temperature measured by the
typical sensor TS placed in the intake manifold. The temperature measured near the intake valve has been seen to differ
from that measured by the sensor TS both in stationary conditions and in transients. The temperature and its first
derivative over time near the intake valve can be estimated on the basis of the temperature measurements made by the
sensor TS and other quantities measured by the ECU, such as, for example, the temperature of the cooling liquid and
the rotation speed of the engine. This estimate can be made using a closed formula or using a lookup table. According
to another variant of the invention, the temperature and its first derivative in the vicinity of the intake valve is more
preferably estimated by using a learning neural network which takes as input the temperature signal generated by the
temperature sensor TS, the engine rotation speed signal. However, the neural network can be suitably trained by
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implementing a thermocouple, placed near the intake valve, of a "sample" engine. Obviously, after training the neural
network, it is not necessary to put into production engines equipped with a thermocouple located close to the intake
valve. Also in this case, the aim is to adequately estimate the air temperature close to the intake valve during sudden
openings followed by sudden closings of the throttle valve, in order to reduce as much as possible deviations from the
stoichiometric ratio and more precisely, so as to reduce the first lean peak of the air/fuel ratio and the consequent rich
peak of this ratio.
[0051] In addition, the last contribution of the aforesaid equation makes it possible to be more precise in calculating
the estimated air both when the engine is cold, shortly after its ignition, and when the engine is already running at a
predetermined temperature, since the two situations present significant differences.
[0052] Therefore, thanks to the present invention, the pressure and the temperature and the respective derivatives
are taken into account in the calculation of the mass flow rate of the air intended to be trapped in the cylinder. While the
temperature is necessarily modelled because in general, mass-produced engines do not have a temperature sensor
close to the intake valve, the pressure must be modelled to calculate its average value with respect to that measured
by the sensor PS, for the reasons described above about the finite number of cylinders that define the internal combustion
engine.
[0053] Preferably, the models must also produce an estimate of the derivatives, trying to limit the high-frequency noise
typical of derivation operations.
[0054] As far as pressure is concerned, simple low-pass filtering results in transient distortion which introduces sig-
nificant delay.
[0055] Preferably, also the estimate of the average pressure and its first derivative is performed by means of a learning
neural network which takes as input the pressure signal generated by the pressure sensor PS and the engine rotation
speed signal.
[0056] Rearranging the above equation, we get the following formulation: 

[0057] The term  can be arranged as η + Δη where the term  is
the portion which represents the dynamic contribution of the volumetric coefficient η. Therefore, while η is modelled in
steady-state conditions, Δη helps to fit the speed-density equation to real engine conditions in transient regime.
[0058] It is observed that the higher the rotation speed of the engine, the more the effect of the transients is reduced
as Δη is reduced. Similarly, when the engine is in stationary conditions Δη tends to zero and therefore, the equation
tends to the classic speed-density equation which is well representative in stationary conditions.
[0059] Furthermore, the more significant the pressure derivative, the greater the effect of the transient since Δη in-
creases in absolute value. The same reasoning can be applied to the temperature, which however gives a contribution
of the opposite sign.
[0060] Thanks to the present invention, a closed formulation of Δη is given, which allows to more easily identify the
variables that have an impact on the estimation of the mass flow rate of air entering the engine in transients.
[0061] Restarting from the equation: 

a generalization can be achieved with: 

[0062] Establishing 
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and 

[0063] It is understood that the stationary portion f(p,T,Ne,...) can be calculated by means of any known method using
the estimated temperature and modelled close to the intake valve. Likewise, the expression of the air mass m(p,T,...)
entering the engine in stationary conditions can be calculated by means of any known method using the temperature
estimated and modelled close to the intake valve.
[0064] Preferably, the model that calculates the mass of fresh air in steady state trapped in the cylinder can be given
by any relationship that links the measurement of the pressure at the intake manifold, the pressure at the exhaust
manifold, the temperature at the intake manifold, the engine rotation speed and the position of any VVT type actuators,
etc. which directly influence this quantity. In that case we can write: 

[0065] Where Φ takes into account the position of any WT type actuators. VVT comes from the Anglo-Saxon acronym
(Variable Valve Timing) and indicates the variation of the opening angles of the intake and/or exhaust valves.
[0066] Advantageously, thanks to the present invention, it is not necessary to estimate Δη as a function of η, calculated
in stationary regime. Δη assumes an independent meaning from η and therefore it is not necessary to implement
"observers", "Kalman filters" or similar and virtual sensors which very often introduce distortions and unexpected be-
haviours.
[0067] Thanks to the present invention, it is sufficient to calibrate η in stationary conditions by means of lookup tables
and to calibrate m and ν by means of other lookup tables so as to always keep the air/fuel ratio stoichiometric. These
are simple and rapid operations, within the reach of the person skilled in the art.
[0068] The present invention can advantageously be implemented through a computer program comprising coding
means for carrying out one or more steps of the method, when this program is executed on a computer. Therefore, it is
understood that the scope of protection extends to said computer program and also to computer-readable means com-
prising a recorded message, said computer-readable means comprising program coding means for carrying out one or
more steps of the method, when said program is run on a computer. Variants of the non-limiting example described are
possible, without however departing from the scope of protection of the present invention, including all equivalent em-
bodiments for a person skilled in the art, to the contents of the claims.
[0069] From the description given above, the person skilled in the art is capable of realizing the object of the invention
without introducing further constructive details.

Claims

1. Method for estimating an air mass flow rate (m) entering a cylinder of a four-stroke spark-ignition engine (E), equipped
with an intake manifold (IM) and at least one intake valve and a pressure (PS) and temperature (TS) sensor associated
with the intake manifold, the method being based on an air mass flow estimation model comprising

- a first contribution (f(p,T,Ne,η,.,.)) calculated by means of a steady-state modelling of the estimate of the mass
air flow entering the engine,

- a second contribution  function of an average pressure and a relative derivative over
time, estimated as a function of

+ an estimate of an average pressure at the intake manifold based on a pressure measurement acquired
by means of said pressure sensor (PS) and

·
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+ an estimate of a temperature (T) in the vicinity of said engine intake valve,

- a third contribution  function of a temperature and a relative derivative over time estimated
in the vicinity of said engine intake valve, as a function of at least one temperature measurement (T) at the
intake manifold acquired by means of said temperature sensor (TS), and as a function of said estimate of said
average pressure at the intake manifold and

wherein the first and second contributions have a positive sign and the third contribution has a negative sign.

2. Method according to claim 1, wherein said third contribution is proportional to the ratio between the derivative of the
temperature and the value of the temperature estimated close to said at least one intake valve as a function of said
temperature measurement at the intake manifold and in addition is function of an engine rotation speed and of an
engine coolant temperature.

3. Method according to claim 1 or 2, wherein said second contribution is proportional to the ratio between the pressure
time derivative and the value of the average pressure.

4. Method according to any one of claims 1 - 3, wherein said first contribution is given by a Speed-density model.

5. A method according to any one of claims 1 - 4, wherein said model of the estimation of the air mass flow rate is
expressed by the following equation 

Where

- m represents the mass flow of air entering the four-stroke spark-ignition engine (E),
- ρ represents a density of the air entering the engine,
- Vcyl represents an engine displacement,
- Ne represents an engine rotation speed,
- p and T represent respectively estimates of the average pressure and temperature of the air entering the
engine (E);
- p and T represent the time derivative of pressure and temperature, respectively,
- η, m and ν represent adjustment coefficients, a function of at least the engine rotation speed, where η is called
the "volumetric filling coefficient".

6. Air mass flow control system (m) at the inlet of a four-stroke positive ignition engine (E) equipped with an intake
manifold (IM) and at least one intake valve, the system comprising

- a first pressure measurement sensor (PS) able to be operatively associated with the intake manifold (IM),
- a second temperature sensor (TS) able to be operatively associated with the intake manifold (IM),
- a third rotation speed sensor able to be operatively associated with a drive shaft of the engine (E),
- a processing unit (ECU) operatively connected to said first, second and third sensors and configured to
implement the air mass flow estimation model according to any one of the preceding claims 1 - 5.

7. Spark-ignited engine (E) equipped with an intake manifold (IM) and with a system for controlling a mass flow of air
(m) entering the engine according to claim 6.

8. A computer program comprising instructions for causing the processing unit of claim 6 to implement the model of
the method according to claim 1.

9. A computer readable medium having stored the program of claim 8.

·

· ·

·

·
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