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ABSTRACT

Internal Combustion Engines burn fuel
to create kinetic energy. The burning of fuel is
basically the reaction of fuel with oxygen in the
air. The amount of oxygen present in the cylinder
is the limiting factor for the amount of fuel that
can be burnt.The air to fuel ratio is the property
of fuel and chemical composition of the fuel that
defines the value for this ratio. Most of the fuels
we use in internal combustion engines are
hydrocarbons, and their burning will obviously
result in the release of hydrogen and carbon as
residuals, along with heat and pressure.This
develops a method to estimate the Air/Fuel Ratio
in a Spark-Ignition Engine from Cylinder
Pressure  Measurements. The method is
developed from a well established empirical
model for the dependence of laminar flame speed
on temperature, pressure and air-fuel ratio and
relates this model to the heat release rate during
the rapid burn phase, which is obtained from the
cylinder pressure, based net heat release profile.
The net heat release profile is computed from the
cylinder pressure trace and quantifies the
conversion of chemical energy of the reactants in
the charge into thermal energy. The net heat
release profile does not take heat- or mass
transfer into account.

Keywords: Internal Combustion Engine, Engine
control, Engine modeling, Pressure, Temperature, Air
fuel meters or air fuel gauges ,Sensors.

INTRODUCTION

A sensor inside the combustion chamber
providing information that replaces the oxygen
sensor signal, would drastically reduce the time
delay in the feedback system, and could
consequently reduce the AFR excursions during fast
transients. In this paper, cylinder pressure is used as
a source of feedback. Many approaches in how best
to utilize cylinder pressure feedback have been
proposed [12].Most approaches that have previously
been proposed require statistics over a large number
of cycles, which defeats the purpose of trying to
reduce the time delay in the feedback system. For

example, it has been found that, using the indicated
mean effective pressure (Imep), up to 300 engine
cycles are required to achieve acceptable
repeatability and accuracy [3].Tunest (al, Lee,
Wilcutts, and Hedrick (2000) presents an ad hoc
attempt at higher bandwidth feedback using cylinder
pressure. This paper develops a method to estimate
the AFR in an Sl engine from cylinder pressure
measurements [9]. The method is developed from a
well-established empirical model for the dependence
of laminar flame speed on temperature, pressure,
and AFR, and relates this model to the heat-release
rate during the rapid burn phase, which is obtained
from the cylinder-pressure-based net heat release
profile. Since the actual flame speed in an Sl engine
depends on the turbulence intensity, a turbulence
model also has to be included. This model includes
a simple turbulence model implicitly, by assuming
that the turbulence intensity is a function of engine
speed [1].An AFR estimator which is able to
estimate cylinder AFR from cylinder pressure
measurements over a wide range of operating points
is developed. The variance of an individual cycle
estimate is very high due to the random nature of the
amount of residual gas in the cylinder, as well as the
turbulent flow field which will cause the flame
development to be different from cycle to cycle.
Cycle-averaged AFR estimates show an RMS error
of only 4.1%
though.

1. REVIEW OF THE CONCEPTS OF
FLAME AND FLAME SPEED
The following section is a review of the
concepts of flame and flame speed, and is included
for completeness. The presentation is largely based
on Heywood (1988) [1].

2.1. flame definition
A flame is a combustion reaction which
propagates sub sonically through space. For motion
of the reaction zone to be well-defined, it is
assumed that the thickness of the reaction zone is
small compared to the dimensions of the space it is
confined to. Propagation of the reaction zone refers
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to its motion relative to the unburned gas ahead of it,
and thus a propagating flame can very well be
stationary with respect to the observer. Two
different classes of flames can be distinguished
based on where the mixing of fuel and oxidizer (air)
takes place. If fuel and oxidizer are uniformly mixed
when entering the reaction zone, a premixed flame
results. A diffusion flame results if fuel and oxidizer
have to mix as the reaction is taking place.
Similarly, flames can be characterized based on the
gas flow characteristics in the reaction zone. Flames
can be either laminar (stream lined flow), or
turbulent (vortex motion). Flames can be classified
as unsteady or steady depending on whether their
overall motion or structure change with time or not.
Finally, the initial phase of the fuel, when it enters
the reaction zone can be used for classification of
the flame. It can be solid, liquid or gaseous. The
flame in an Sl engine is premixed, turbulent, and
unsteady, and the fuel is gaseous when it enters the
reaction zone.

2.2. laminar and turbulent flame speed

The laminar flame speed is defined as the
velocity, relative and normal to the flame front,
with which the unburned gas moves into the front
and is converted into products under laminar flow
conditions  (refer  figure.1).This  definition
originates from experiments with burners, where
the flame is stationary, the unburned gas moves
into the flame, and the burned gas moves out of
and away from the flame. The density of the
burned gas is, in general, lower than the density of
the unburned gas, and consequently the burned gas
will have a higher velocity than the unburned gas.

Reaction zone (flame)

Unburned gas Burned gas
va=SL Vi
— —_—

Figure 1. lllustration of a stationary laminar flame
with unburned gas entering the
reaction zone at the laminar flame speed , and
leaving the reaction zone at a velocity.

A situation more relevant to engines is that the
unburned gas is stationary, and the reaction zone
propagates through the gas. In this case the
laminar flame speed is actually the speed at which
the flame front propagates as shown in figure-2.
The laminar flame speed under engine pressure
and temperature is of the order 0:5 m/s. In reality,
the unburned gas in an engine actually moves

away from the flame front, due to the expansion
of the burned gas and compression of the
unburned gas. One might be tempted to claim that
the laminar flame speed is of limited interest for
internal combustion engines, since the flow
conditions in any practical engine are highly
turbulent. It turns out however, that one important
way of modeling the turbulent flame development
(see Section 2.2) which actually takes place in an
internal combustion engine includes the laminar
flame concept as a sub model.

Reaction zone (flame)

Unburned gas

Burned gas (stationary)
Vb, S.
- >

\\\\\f

Figure 2.1llustration of a propagating laminar
flame. The flame front moves at the
Laminar flame speed, into the stationary unburned
gas. Due to the expansion, the
burned gas is pushed backwards out of the reaction
zone at a velocity.

The presence of turbulence aids in propagating the
flame, and since the local gas velocities due to
turbulence can be significantly higher than the
laminar flame speed, turbulence can drastically
increase the actual speed with which the reaction
zone propagates. This speed is called the turbulent
flame speed. Groff and Matekunas (1980)[4]
indicates that the turbulent flame speed is
proportional to the laminar flame speed, and a
factor which increases monotonically with the
turbulence intensity.

111. MODELING OF FLAME SPEED

3.1. A laminar flame speed model

The laminar flame speed of a premixed
gasoline/air flame increases monotonically with
temperature, decreases monotonically  with
pressure, and peaks for equivalence ratios slightly
rich of stoichiometric. This behavior can be
modeled empirically by

T\
$.= 510 (%)
)
Where,S, , is the laminar flame speed at T, = 298K
and p, = latm. T, represents the temperature of the

unburned gas ahead of the flame, and p is the
pressure. The parameters b and m are empirical
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model parameters and depend slightly on the
equivalence ratio.

The laminar flame speed at normal pressure and
temperature, S; ocan be modeled by

SL,O = Bm + B(Z)((D - ®m)2 (2)

Here, B,, represents the maximum flame speed
attained at equivalence ratio fm; and Bf quantifies
the dependence of flame speed on equivalence ratio.
The following values were experimentally identified
by Metgalchi and Keck (1982) [6] for the laminar
flame speed of a gasoline/air flame:

@, = 1.21,B,, = 0.305m/s,B; = —0.549m/s.

The range of equivalence ratios relevant for an SI
engine intended for stoichiometric operation is
roughly

[0:9;1:1], which means that the laminar flame
speed varies approximately +8%relative to the

stoichiometric value.

3.2. Modeling the turbulent flame speed

It is discussed in Heywood (1988) that the
rapid burn angle Aa,, i.e. the crank angle interval
between 10% and 90% heat release, increases only
slightly with engine speed. This implies that the
turbulence intensity increases with engine speed,
which causes an increase in the flame speed.
Measurements in Hires, Tabaczynski, and Novak
(1978) indicate that the rapid burn angle, with inlet
pressure and equivalence ratio constant, follows
approximately a power law with respect to engine
speed,

N, according to Aa;, ~N%37 3

Since the way the turbulent flow characteristics
change with engine speed depends on the engine
geometry, the exponent in the previous equation is
considered as an unknown, n ,which has to be
determined from experiments.

Thus, Aa, = kN" 4

for some constant k.
The time it takes for the flame to propagate from the
spark gap to the farthest end of the combustion
chamber can be expressed as
A, == (5)

uf
Where B is the cylinder bore s is a factor which
depends on the location of the spark gap, and
u, is th flame speed. A simple relationship based on
the engine speed

relates At, and A,

da 2nN
Aab = d_tAtb = EAtb

(6)

Thus, the flame speed can be expressed in terms of
the rapid burn angle,

__ 2msBN
U = Gona,
(7
Combining Equations (4) and (7) yields --------
A
w = () ®)
Where
2msBNETT
up = )

and N, is some arbitrary engine speed. It should be
noted here that u0 will depend on equivalence ratio,
pressure, and temperature in the same way as the
laminar flame speed, according to (2). Now,
assuming that @ is close enough to @,,,,

Uy = Upo (%)ﬂ (L)ﬁ (10)

Po

IV.  Incorporating The Cylinder-Pressure-
Based Heat Release Into The Flame
Speed Models

4.1. Relating burn rate to flame speed

A common simplification when modeling
flame propagation in a spark-ignition engine is to
assume that the flame front propagates spherically
outward from the spark plug. Due to the finite
nature of the combustion chamber, the flame-front
area quickly assumes a nearly constant value as
shown in figure- 3, A¢.Thus, the enflamed Spark

=

—

Figure3. Two-dimensional illustration of flame
propagation from the spark plug.

The circle segments represent the flame
front as it propagates radially outward from the
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spark gap. All flame fronts marked with solid lines
are essentially of equal length.

Thus, the enflamed volume will grow according to

de _ _ 4nu? 2

e Afuf =— 3t (11)

The rate at which fuel is consumed can now be
expressed using equation -11 and the ideal gas law.

dm me dV msmg dV 1 p
Nl BT By Bl LT Nl NP L Arup (12)

dt ~ vV dt  mg V dt  AFRRT

An approximation has been made in the application
of the ideal gas law. The fuel mass has been
neglected in assuming

pV = m,RT (13)

Since the AFR in a gasoline engine is nominally
14.7, this is a reasonable approximation.

The angular velocity,w,, of the engine relates crank
angle derivatives and time derivatives according to

=), 4

Introducing N as the engine speed in revolutions per
minute yields

] 60 p Arusp
da  2nN-AFR-RT (15)

dTIIf

Using (8) for the flame speed, (15) can be rewritten
as

dmyp 60ArugpN~"
“da 2nNITTAFR RT (16)

Using equation 10 and consolidating the
multiplicative constant, an expression for the burn
rate as a function of pressure, temperature, and
engine speed is obtained.

DL = pplTAINTTAFRY (17)

for some constant b:

4.2. Relating burn rate to average heat release
rate

During the rapid burn phase of the cycle, the heat
release rate is essentially constant in the crank-angle
domain. Thus, during the bulk of the combustion
event, the heat-release rate can approximately be
expressed as

dQcp ~ Qt_ﬂt
da Aay (18)

The chemical energy released when combusting a
unit mass of fuel with air is the lower heating value,

Q.uv Thus, the rate of fuel conversion can be
expressed as

A7n_f — 1 Qtot (19)
Aa QLuy Aay

Combining the two expressions for the burn rate,
(17), provides an equation from which the AFR can
be determined. The pressure and temperature at the
start of combustion are determined by a
compression polytrophic from the inlet pressure and
temperature. Thus, the inlet pressure and
temperature, p,, Ty can be used according to

bpg TP N AFR-T = %ot (20)

QrHy Aap

Isolating AFR yields

AFR = bQyuy gﬂpéﬂ‘Tf “IN-n (1)

tot
SO, Wlth c= bQLHV

AFR = cgﬁpéﬂ‘Tf‘lN‘" (22)
tot

Where ¢, i, f and n are unknown constants, which

have to be determined from experiments.

5. IDENTIFICATION OF
PARAMETERS

MODEL

5.1. Identification method

The experimental setup used for this work does not
allow control of the intake air temperature, and thus
only the dependence of AFR on burn rate, pressure,
and engine speed are investigated. In the
identification experiments, the coolant temperature
is held constant, in order to prevent any influence
from this temperature.

In order to identify the unknown parameters of
(22),it is rewritten by taking logarithms

- (Aafl/:gwt) =In(cTf ™) + (1 + @) Inp, +

—inV (23)
Define the parameter vector,

(et ™)
6 = 1+u (24)
-n

The vector of regressors

@ =(1IlnpyInN) (25)
And the output
AFR
v =1 (e) @6
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An estimate for y; #y; can now be calculated from n
cycles of measurements using least-squares
regression, see Johansson (1993).The parameter
estimate obtained from the linear least-squares
solution above minimizes the sum of squared
residuals of the form

AFR

o = In(AFR) — (AFR) =n (1) (27)

This is not the same however, as minimizing the
sum of squares of the estimation error

r = AFR — AFR (28)

Since a ratio is being estimated though (the ratio of

air mass to fuel mass in the cylinder), it makes more
sense to minimize.

5.2. Identification experiments

When applying experimental data to the
estimation method described above, it has to be
decided which pressure to use in the regression
vector (25). Here, p, is selected as the cylinder
pressure at a fixed crank angle during the
compression stroke. This pressure, because of the
polytropic compression relation (Tunest, 2000),
scales with the pressure at the onset of combustion.

The experiments were carried out as steady-state
experiments at different loads, engine speeds, and
AFR. Each steady-state experiment lasts for
approximately 10s.For each of these experiments,
the mean exhaust AFR is selected as the ‘true’ AFR
for all the cycles of that experiment. The reason for
this is that the true AFR for the individual cylinder
cycles cannot be singled out when using exhaust
AFR measurements.

Figure-4 shows the result of the least-squares fit
applied to the identification data. The variance of
the estimate is quite large, and requires some kind of
filtering in order to be of practical use. Figure5
shows the residuals for the same data.

S S

500 1000 1500 2500

Cycle #
Figure 4. Estimated AFR (black line) and measured
AFR (white line).
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30¢C
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Figure5. Residuals of least-squares AFR fit.
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V. MODEL VALIDATION

The presented model for AFR estimation
was validated by conducting similar experiments as
the ones used for the identification. The results of
these measurements in terms of estimated AFR
versus measured exhaust AFR are shown in figure-
6. The plot shows that except for at very lean
operating points (AFR = 18) the estimator performs
well. For the leanest operating points, the estimator
tends to overestimate the AFR.This is caused by the
fact that the engine is operating near its lean limit.
At the lean limit, combustion is either too slow to
finish before the exhaust valve opens, or the gas
temperature is so low that the flame extinguishes
before it reaches the far cylinder wall. For both
these cases, the result is that not all of the fuel is
combusted, and thus the heat release is significantly
lower. Since the estimated AFR is inversely
proportional to the heat release, this will result in an
overestimated AFR.
Figure-7 shows the heat release for 248 consecutive
cycles with an air/fuel ratio of 18:1; and it is easily
seen that combustion is incomplete for a significant
number of cycles. It is interesting to note that cycles
with very high values of heat release follow
immediately after cycles with incomplete
combustion. This indicates that the residual gas (the
gas which stays in the cylinder from one cycle to the
next) contains a significant amount of unburned
fuel. This is further evidence that the combustion of
the preceding cycle was in fact incomplete. For
reference, figure-8 shows the heat release for 171
consecutive cycles with an air/fuel ratio of 14:76.
For these cycles the heat release is almost constant
from cycle to cycle.
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Exhaust AFR

Fig.6. Cycle-averaged (10s) estimated AFR plotted
versus measured exhaust AFR. Experiments

conducted at a range of engine speeds, loads,
and Air/Fuel Ratios. The RMS error in the estimate
is 4% when excluding the two estimates at the lean
limit (AFR=>18).
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Fig.7. Heat release for 248 consecutive cycles at
AFR = 18:1.The plotclearly indicates

incomplete combustion for several cycles. The
estimated AFR for these cycles is 25.3.

Figure 9. Shows a ten-cycle moving average of the
AFR estimate for a steady-state experiment at
stoichiometric operation (AFR=14:7). The figure
shows that most of the variance in the raw estimate
is removed by taking the average over ten
consecutive cycles.

Heat Release [J]

370 i

365 »
0 50 100 150
Cycle #

Figure 8. Heat release for 171 consecutive cycles at
AFR = 14:76: Compared to Figure- 7 the heat
release is almost constant from cycle to cycle,
indicating that combustion is nearly complete.
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Figure. 9 Ten cycle moving average of AFR

estimate. Steady-state operation with stoichiometric

AFR.

VI. CONCLUSION

The proposed model for estimating the
AFR from cylinder pressure data performs well
when cycle-averaging is performed. The RMS error
of the AFR estimates from the validation data is
4.1%, which is somewhat better than with the molar
weight ratio method proposed in Patrick (1989)[7].

A drawback with the proposed estimator is that the
variance of the estimates is large. The observed
cycle variability is of such a magnitude that it
cannot reflect actual variations in the cylinder AFR.
The extremely simple turbulence model, used for
the turbulent flame speed expression [8], which
assumes that the turbulence intensity is completely
determined by the engine speed, is a likely source of
error.

An additional source of error is the assumption of a
constant time derivative of the enflamed volume
[11]. As indicated in Section 4.1, the derivative of
the enflamed volume depends on where in the
combustion chamber the flame center is located.
Even though the flame is initiated in the spark-plug
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gap, the center of the flame may move away due to
the in-cylinder flow field. This will result in a
different expression for the enflamed volume
derivative. Thus, since the flow field differs from
cycle to cycle, the burn rate will also differ from
cycle to cycle, and the burn rate is the basis for the
AFR estimate.

The temperature dependence in the estimation
model has not been verified in this work.
Investigating this dependence would require a setup
where the temperature of the intake air as well as the
temperature of the coolant can be controlled. The
large variation from cycle to cycle of the cylinder-
AFR estimate can be reduced by applying a low-
pass filter or a moving average filter to the raw
estimate. This will however lower the bandwidth of
the estimator.

VII. DISCUSSION

APPLICATIONS
8.1. Cold start control

About 80% of the unburned hydrocarbons
emitted from automotive engines today are
produced during the cold-start phase. The cold-start
phase is defined as the first 120 min of operation,
before the catalytic converter has reached maximum
conversion efficiency. During cold start, additional
fuel has to be supplied, in order to compensate for
poor fuel vaporization caused by condensation of
fuel on cold surfaces.

ABOUT

In the present engine control systems, fuel is
supplied according to an open-loop strategy during
cold start, since the exhaust is too cold for the
exhaust oxygen sensor to produce measurements.
The open-loop strategies use a fuel correction factor
which depends on the engine coolant temperature, in
order to supply more fuel when the engine is cold.
This means that deviations in the fuel delivery rates
from fuel injectors compared to commanded fuel
delivery rates will be directly reflected in errors in
the cylinder AFR. In the case of too much fuel
delivery, this means increased fuel consumption and
hydrocarbon emissions. On the other hand, in the
case of too little fuel delivery, rough engine
operation and/or misfiring would result, also causing
increased hydrocarbon emissions.

The proposed estimator can be used during cold
start while the exhaust gas is still too cold for the
exhaust gas oxygen sensor to provide feedback. This
would allow for closed-loop AFR control even
during cold start. The high estimation variance is
less of a problem during cold-start, since the cold-
start phase consists mainly of idling, which implies
nearly steady-state conditions. Thus, bandwidth is
not a main concern, and the estimate can be low-
pass filtered. The fact that the AFR estimator

overestimates the AFR at the lean-limit can be
accounted for in a feedback control law with sensor
saturation.

The objective of closed-loop control of AFR during
cold start is more complicated than during warmed-
up conditions. During warmed-up conditions the
AFR dependence of the conversion efficiency of the
catalytic converter dictates that the AFR be kept in a
narrow band about 14.7, in order for both oxidizing
and reducing reactions to take place. During cold
start, the objective of the closed-loop control should
be to minimize the total amount of hydrocarbons
emitted during the whole cold start phase. It is not
completely understood today how to achieve this
optimum. The difficulty here is that the tailpipe
emissions depend on both the raw emissions from
the engine, and on the state of the -catalytic
converter. Furthermore, the state of the catalytic
converter is affected by the exhaust that comes out
of the engine.

To illustrate the complexity of the problem, two
extreme cases can be considered. The first one is to
keep the AFR during cold start at the level which
minimizes the raw hydrocarbon emissions from the
engine. Minimizing the raw hydrocarbon emissions
from the engine will however slow down the heating
of the catalytic converter, both through colder
engine exhaust, and through less catalytic activity in
the catalytic converter. The other extreme is to
operate the engine rich during cold start, in order to
minimize the time it takes for the catalytic converter
to heat up to its normal operating temperature. This
will produce high outputs of hydrocarbons during
the initial stage of the cold start before the catalytic
converter is hot, but allows faster transition to the
normal stoichiometric operation of the engine, with
high catalytic conversion efficiency. The optimum
will be a trade-off between these two extremes, and
will dictate a cold-start AFR trajectory which
sacrifices some raw engine emissions in order to
allow for faster heating of the catalytic converter
and consequently earlier transition to normal
stoichiometric operation with high catalytic
conversion efficiency.

8.2. Individual cylinder control

The proposed estimation technique is also
valuable for estimating cylinder-specific AFR,
which cannot be extracted from an exhaust gas
oxygen sensor located in the exhaust manifold,
where the exhaust from several cylinders is mixed.
The intention is that the fuel and air delivery should
be the same for all cylinders. In reality though, the
difference in intake geometry for different cylinders
cause differences in the air-flow rates through the
intake ports. Also manufacturing tolerances and
wear of fuel injectors can cause differences in fuel
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delivery characteristics between fuel injectors. For
these reasons, the AFR may vary from cylinder to
cylinder, which will result in different mechanical
and thermal load on the different cylinders, as well
as increased fuel consumption and exhaust
emissions, and reduced mechanical power output.

Estimating  cylinder-specific AFR using the
proposed method, allows control of the AFR on all
cylinders individually. One way to implement this is
to use the existing oxygen sensor for overall engine
AFR control using some existing method, and use
the individual cylinder AFR estimates to balance out
the differences between the cylinders. This could be
done by adding an integral term to the fuel delivery
to cylinder i of the form

Jy[(k = 1)AFR; — AFR;y — ......AFR, 1y ]dt
(29)

Where k is the total number of cylinders and
AFRiq, wooveneenen 0 AFR; .1y represents the
individual AFR estimates of the other cylinders.
This should, in steady-state, equalize the AFR
estimates for all cylinders. Here, by making the gain
of the integral term small enough, the influence of
the estimate variance can be made arbitrarily small.
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