A Statistical Approach to Spark
Advance Mapping

Engine performance and efficiency are largely influenced by combustion phasing. Oper-
ating conditions and control settings influence the combustion development over the
crankshaft angle; the most effective control parameter used by electronic control units to
optimize the combustion process for spark ignition engines is spark advance (SA). SA
mapping is a time-consuming process, usually carried out with the engine running in
steady state on the test bench, changing SA values while monitoring brake mean effective
pressure, indicated mean effective pressure (IMEP), and brake specific fuel consumption
(BSFC). Mean values of IMEP and BSFC for a test carried out with a given SA setting
are considered as the parameters to optimize. However, the effect of SA on IMEP and
BSFC is not deterministic, due to the cycle-to-cycle variation; the analysis of mean
values requires many engine cycles to be significant of the performance obtained with the
given control setting. Finally, other elements such as engine or components aging, and
disturbances like air-to-fuel ratio or air, water, and oil temperature variations could
affect the tests results; this facet can be very significant for racing engine testing. This
paper presents a novel approach to SA mapping with the objective of improving the
performance analysis robustness while reducing the test time. The methodology is based
on the observation that, for a given running condition, IMEP can be considered a func-
tion of the combustion phasing, represented by the 50% mass fraction burned (MFB50)
parameter. Due to cycle-to-cycle variation, many different MFB50 and IMEP values are
obtained during a steady state test carried out with constant SA. While MFB50 and IMEP
absolute values are influenced by disturbance factors, the relationship between them
holds, and it can be synthesized by means of the angular coefficient of the tangent line to
the MFB50-IMEP distribution. The angular coefficient variations as a function of SA can
be used to feed a SA controller, able to maintain the optimal combustion phasing. Simi-
larly, knock detection is approached by evaluating two indexes; the distribution of a
typical knock-sensitive parameter (maximum amplitude of pressure oscillations) is re-
lated to that of CHRygr (net cumulative heat release), determining a robust knock index.
A knock limiter controller can then be added in order to restrict the SA range to safe
values. The methodology can be implemented in real time combustion controllers; the
algorithms have been applied offline to sampled data, showing the feasibility of fast and
robust automatic mapping procedures. [DOL: 10.1115/1.4000294]
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tion event. SA can be considered as one of those control factors
changing combustion phasing (6soc), duration (Af), and shape

1 Introduction

Spark ignition (SI) engine performance are influenced by com-

bustion phasing and duration. As it is shown in Refs. [1-5] the
combustion process of a SI engine can be represented by means of
phenomenological models such as Wiebe functions. A Wiebe
function is defined by means of four parameters, as shown in the
following equation:

x,=1— o= (0= Osoc/A0)"! (1)

The parameter a is related to the mass fraction burned at the
end of the combustion process (i.e., when 6= 6soc+A6), thus, it
can be considered as a constant. It can also be shown [5] that my,
is related to the shape that the rate of heat release (ROHR) curve
can assume for given values of fsoc and A 6. Basically, this means
that my, is related to the ROHR peak value.

The optimal combustion control setting should vary the three
free parameters in order to achieve the best performance. Some-
times the control actions influence my, Osoc, and A6 at the same
time; in this case all the combustion characteristics can be synthe-
sized with a single parameter. Typically, the MFB50 is used for
this purpose since it catches the three main facets of the combus-
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(myy) at the same time; this allows describing SA effects, simply
in terms of MFB50. The best SA setting is that maintaining the
MFB50 near to the optimal value; this setting implicitly optimizes
Osoc, A6, and my,. The optimization target is usually set in terms
of maximum IMEP, but the process could involve other param-
eters such as BSFC, pollutants emission, noise, etc.

The SA mapping procedure is aimed at determining those SA
values that the electronic control units (ECU) will use in open
loop control during engine operation. The process is usually car-
ried out on the test bench with a fixed SA level, keeping the
engine in steady conditions for many engine cycles (sometimes
many thousands) to filter out the effect of cycle-to-cycle variation.
Data are usually collected for a given engine running condition
with different SA values, and finally, the operations are repeated
for each breakpoint defining the engine operating range. This
means that SA sweeps must be performed for different engine
speed, load, and sometimes, oil/water temperature, gasoline tem-
perature, etc. The mapping operation is time consuming, and es-
pecially in racing applications, very expensive, due to the short
engine life and the risk of exploring dangerous (knocking) run-
ning conditions during the sweep.

Patterson [6] defines a methodology to speed up the mapping
procedure by using engine speed sweep instead of step test data.
The technique makes use of the MFB50 parameter for combustion
phasing, but it lacks of an insight on how the target value can be
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selected. Haskara et al. [7] proposed the use of a new combustion
invariant strictly related to the Wiebe function shape. The best
phasing should be attained as the maximum acceleration of mass
fraction burned (MAMFB) is placed at top dead center (TDC).
However, the amount of calculations necessary to evaluate the
invariant suggests using a different parameter for real time appli-
cations.

This paper aims to show how combustion information gathered
by means of an in-cylinder pressure sensor can be used in order to
shorten mapping time. The proposed mapping methodology deter-
mines the optimal control setting by means of two proportional-
integer-derivative (PID) controllers regulating SA, based on indi-
cated parameter information. The first one is targeted at the
achievement of the optimal combustion phasing, and the second
one at the detection of knock.

The two controllers share a characteristic. Their input (error) is
defined to follow a target trend and not just a target value. The
combustion phasing controller, for example, will not follow a
given reference value for MFBS50 or a target value for IMEP. The
MFB50 and IMEP distributions are related, and a parameter in-
trinsically representing the actual position in the MFB50-IMEP
curve can be defined. This parameter can be used as an input for
the controller, guaranteeing the achievement of the maximum
IMEP independently of how external disturbances (cycle-to-cycle
variation, changes in air temperature, engine aging) affect IMEP
absolute values. A slightly different approach is used for knock
detection and control. In this case, the input error is defined based
on the relationship between distributions of two different knock
indexes.

A set of tests with different SA values can be substituted by a
single test, where SA values are automatically changed by the
controller, taking into account both performance and knock be-
havior. The SA sweep is carried out in real time by the controllers,
whose output will finally converge to the best (maximum IMEP)
possible (nonknocking) SA.

2 SA Effect on Combustion

To highlight the effect of SA on combustion development, tests
have been carried out on the test bench in steady state conditions
on a FIAT Fire 1.2 1 four cylinders port fuel injection (PFI) gaso-
line engine. Engine speed was kept constant by means of the
eddy-current brake controller; a brushless motor driving the
throttle was feedback controlled, based on the intake manifold
pressure to set engine load. Intake manifold pressure and tempera-
ture, air to fuel ratio (AFR), coolant, and oil temperatures have
been maintained constant during the tests. Each test, counting
1000 engine cycles, has been executed holding a different SA
value, up to and over audible knock. In-cylinder pressure was
measured by means of Kistler 6117BCD15 measuring spark plugs
and 5064B21 charge amplifiers. Angular position tracking has
been carried out by means of a sensor instrument FIA-F optical
sensor, coupled to a crankshaft-mounted measurement disk with
120 markers per revolution. The in-cylinder pressure signals have
been sampled at 100 kHz, while the angular reference signal (en-
coder) has been detected by means of a timer-counter digital chan-
nel with a 20 MHz clock. All the signals have been sampled using
a Wavebook 516 Data Acquisition System.

The in-cylinder pressure signals have been low-pass filtered by
means of an antialiasing analog filter set at 30 kHz; the filter delay
has been compensated in order to avoid referencing errors. A 3
kHz zero-delay low-pass fourth order Butterworth digital filter has
been used for IMEP and net cumulative heat release (CHRygt)
calculations in order to eliminate the combustion chamber reso-
nance effect. This allows isolating the mean combustion chamber
conditions contribution to CHR and indicated work trends, while
rejecting the components related to local pressure oscillations.

As already mentioned, the combustion process can be described
by means of three parameters that can be reduced to 1 if the
control action changes the combustion phasing, duration, and
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Fig. 1 Combustion phasing, duration, and shape as a function

of MFB50

shape at the same time. Figure 1 shows that this hypothesis can be
applied to SA control; the combustion phasing (MFB10), duration
(MFB90-MFB10), and shape (represented by the maximum value
of the ROHR curve) are all clearly related to MFB50.

The SA value influences the combustion development over the
crankshaft angle, but it is not a deterministic control parameter.
Engine cycles carried out with the same value of SA may show
very different combustion phasing. On the other side, the relation-
ship between performance (IMEP) and combustion characteristics
(MFB50) does not depend on the SA value; IMEP and MFB50
distributions achieved with different SA settings form a unique
trace (Fig. 2). In other words, SA sets the IMEP and MFB50
values range, and ranges corresponding to different SA superim-
pose; what they have in common is that they are placed over the
same IMEP-MFBS50 curve.

Figure 2 shows how the distributions referring to different SA
levels partially superimposed, forming the typical parabola curve.
A possible way to optimize SA is to change its value according to
the position that the points representing a given buffer of previous
engine cycles assume in the plot. Obviously the objective will be
to maintain the combustion phasing as near as possible to the
maximum IMEP value. If the relation between the two distribu-
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tions is as clear as in Fig. 2, a low number of engine cycles is
sufficient to draw the conclusion on the direction and amplitude of
the SA variation necessary to reach the optimal condition. This
operation can be done manually or by means of a controller; the
combustion must be advanced if, within a buffer of engine cycles
with the same SA, IMEP is higher for those cycles showing lower
MFB50 values. The optimal SA setting is reached as the effect on
IMEP of the engine cycles placed on the right of the parabola
maximum is compensated by that of the cycles placed on the left.

The concept has to be expressed analytically for the controller,
feeding it with an error input that will finally allow reaching the
optimal SA. The maximum of the curve is, by definition, the point
where the derivative is equal to zero; the derivative of IMEP with
respect to MFB50 can perfectly play the role of the controller
input (error). When the derivative is negative, the SA must be
incremented, when it is positive SA must be reduced, and when it
is equal to zero, the controller has to take no action since the
combustion phasing is optimal.

Figure 3 shows the same information of Fig. 2, focusing the
attention on how the curve derivative changes with SA; each point
in the plot represents the cycle-to-cycle difference of IMEP versus
that of MFB50. The n-th point reported in the plot is defined by
coordinates (MFB50(n)-MFB50(n—1); IMEP(n)-IMEP(n—1)).
The distributions rotate counter-clockwise as SA is increased,
which means that the maximum of the parabola is being ap-
proached. The last distribution (SA=26 deg) is almost horizontal;
in this case, the mean derivative tends to zero, i.e., the optimal
combustion phasing has been reached.

In order to define a parameter representative of combustion
characteristics related to the actual SA, the calculation of the de-
rivative must take into account a given number of engine cycles.
Equation (2) highlights the cycle-to-cycle variation terms for
MFB50 and IMEP, while Sypgsol; and Siygpl; refer to the differ-
ences between two subsequent cycles, and Ayegsol ; and Apygp | i
are vectors collecting the Syppsol; and Syep|; values for the last N
cycles

5MFBso|i = MFB50|i - MFB50|i—1

5IMEP|i = IMEP|1’ - IMEP|H
2)

AMFBSO‘j = [‘SMFBSO‘j—NH et 5MFBso|j]

ALMEP|j= [51MEP|j—N+1 sl 51MEP|;]

A linear interpolation Aygp |j as a function of Aypgso ; allows
defining the parameter ]| ; as the angular coefficient of the result-
ing line as
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A1M1~:P|j = m|j : AMFBS()|j + b|j (3)

The parameter m is calculated cycle by cycle, based on the last
N cycles IMEP and MFB50 values. Obviously, N influences the
methodology dynamics: the higher its value, the slower becomes
the controller in determining whether the SA must be increased or
reduced. On the other hand, traditional methodologies are also
based on the observation of the mean IMEP or MFB50 values
over a given number of engine cycles. One advantage of the pre-
sented methodology is that the number of engine cycles necessary
to establish if the combustion must be retarded or advanced is far
lower to that required by the simple observation of IMEP values.
This consideration is supported by Fig. 4, where the 20 cycles
moving average of the IMEP and m are represented for different
SA values.

The upper plot shows that the parameter m is representative of
the action that the controller must take in order to maximize the
IMEP; its value is systematically negative for each SA condition,
meaning that the combustion must be advanced. It is also possible
to notice that m absolute values tend to decrease for higher SA
levels, suggesting that the combustion phasing control is close to
the optimal setting. Turning to the lower plot, it is possible to
appreciate how the number of engine cycles used in the moving
average does not allow using IMEP as an efficient parameter to
optimize combustion phasing. It is evident how different traces
superimpose, and that the maximum of each trace is higher than
the minimum of traces corresponding to higher SA values. For
example, the trace corresponding to SA=22 deg has a minimum
(cycle 212, 8.104 bars) that is far lower than the maximum for the
trace corresponding to SA=20 deg (cycle 223, 8.308 bars).
Though averaged over 20 engine cycles, the reported IMEP values
are clearly unable to catch SA effect on IMEP. This means that it
is not possible to carry out a 2 deg resolution SA optimization by
using a 20 cycle basis filter on IMEP. These considerations can be
repeated for the other traces represented in Fig. 4. In order to
obtain an acceptable distinction of all the traces, the moving av-
erage basis should be brought to 400 engine cycles, while 20 are
more than sufficient to determine the correct action on SA using
the parameter m.

3 Knock Diagnosis

The previous observations do not take into consideration the
knock phenomenon; the optimal combustion phasing is deter-
mined without limiting the SA to the nonknocking region.

Knocking combustions usually cause low-efficiency cycles, due
to the increase in heat losses. However, it has to be reminded that,
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knock being a stochastic phenomenon, a single knocking cycle is
not representative of the engine running condition; a given SA
could lead to a few low-efficiency cycles due to knock, but the
other cycles could benefit of an increased combustion speed, lead-
ing to a better combustion phasing (i.e., higher IMEP). This ex-
plains why sometimes the highest mean IMEP values are reached
under heavy knocking conditions; obviously, an automatic map-
ping procedure must be able to avoid dangerous combustions.

The most commonly used knock indexes (maximum amplitude
of pressure oscillations (MAPO), integer derivative, third deriva-
tive, mean square value) are based on the in-cylinder pressure
signal; surveys of knock indexes based on the in-cylinder pressure
signal can be found in Refs. [8—12]; several indexes are com-
pared, each one showing a different sensitivity to the knock phe-
nomenon. These indexes are surely representative of knock effect,
as it is shown in Refs. [13,14], but the relationship between their
intensities and the damage risks is usually based on experience.
Moreover, as it is shown in Ref. [15], knock indexes do not only
depend on the phenomenon intensity, but also on external factors
such as engine speed and load. Bertola et al. [16] showed that
sensor type and position affect pressure oscillations measurement,
and, as a consequence, knock indexes evaluation.

These considerations lead to the conclusion that it is very dif-
ficult to determine a proper threshold level for a given knock
index, which can result in underperformance or damage risk.
Many work in the literature associate knock-related damages to
heat flux increases through the cylinder walls; Lu et al. [17]
showed that for pressure oscillations above 0.5 MPa (heavy
knock), the peak heat flux increases almost linearly with pressure
amplitude. Other works [17-20] show that during knocking cycles
high peak heat flux values can be measured, but the correlation
coefficients between peak heat values and knock intensity indexes
are low (R=0.26-0.47) for light knock, higher (R=0.53-0.76)
for heavy knock, and strongly depend on the sensor position [17].
Grandin et al. [21-23] closely relate the peak heat flux to the
increase in charge motion as a result of autoignition. They showed
that for the case of the heaviest knocking condition, the peak heat
flux can increase by 280% with respect to standard combustions.
Ezekoye [18] made both a computational and analytical investi-
gation of the heat transfer processes at the flame-wall interface
during knock event. The analysis of the peak heat flux was con-
ducted in three different locations: the burned gas zone, the zone
of flame reactions, and the unburned zone. They concluded that
the pressure transients have a moderate effect on heat transfer
processes in wall locations where heat release effects are negli-
gible (unburned zone), and modify the heat transfer rates in loca-
tions in which the flame has quenched (burned gas zone). The
most important effect responsible for the magnitude of heat flux
values appears to be the absolute pressure. In other words, knock
indexes based on in-cylinder pressure amplitude are well related
to peak heat flux. The results for different locations and timing
clearly show that the peak heat flux in knocking condition is
strongly increased all over the chamber. This final consideration
allows extending the results on the increase in local peak heat flux
all over the engine chamber.

The authors showed in previous works [24,25] that it is possible
to define knock indexes based on the net Cumulative Heat Re-
lease, evaluated as follows by means of the in-cylinder pressure
signal [4]:

v 1 _dp.
CHRNETJ (LPC},I lp_ + _Vm)dg (4)
y=1 9Pag" 41" aop

The net CHR for knocking cycles is lower than that of non-
knocking cycles [25], due to the increase in heat losses; this in-
formation could be used for knock diagnosis, with the advantage
of being directly related to the heat flux increase, i.e., to the risk
of damaging the engine. In order to assess CHRygr knock-
sensitivity, its values can be related to those of other knock in-

dexes. One of the most commonly used knock index is the
MAPO, defined as
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MAPO = max(|pey npltoe " %) (5)

Figure 5 shows that, under heavy knocking conditions, there
exists a strong correlation between MAPO and CHRygr distribu-
tions. The information that the MAPO index gives on the knock
intensity is independent from the low-frequencies used to define
the CHRygt parameter. CHRygr and MAPO actually require two
different types of signal filtering: a low-pass (Butterworth, order
4, 2500 Hz) filter for the first index and a high-pass (Butterworth,
order 4, 5000 Hz) for the latter. For this reason, the simultaneous
use of MAPO and CHRygr can increase the knock detection ro-
bustness. While MAPO is directly sensitive to knock, CHRygp
depends on a multitude of factors: load, speed, SA, AFR, etc: thus,
as it can be noticed in Fig. 5, a knock-sensitive index based on
CHRygr should be defined using CHRygr variations, and not its
absolute value.

Statistical analyses were applied to knock detection [26-28]
and are sometimes more efficient than mean values or single-
value intensity evaluations in assessing the knock severity for the
given running condition.

Figure 6 shows the CHRygt probability density function plot
for different SA values; in order to superimpose the distributions,
the parameter CHRyg7 has been normalized, dividing each value
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by the maximum of the corresponding distribution. It is possible
to notice how knock affects CHRygy distributions; the shape of
the curve referring to SA=18 deg resembles a normal distribu-
tion, while increasing the SA, due to knock events, the shape
changes, becoming asymmetric.

This behavior can be identified by means of the standard devia-
tion or by evaluating the difference between the maximum and
minimum values of CHRygr for each value of SA. Even if the
distributions are not exactly normal, the standard deviation gives
information about the CHRygr parameter dispersion for a given
percentage of engine cycles (68.3% in the case of normal distri-
bution). On the contrary, the range of CHRygr is representative of
a single engine cycle; the standard deviation is sensitive to the
average knocking condition, while the range is representative of
the heaviest knocking cycle within the sample.

A possible definition for a knock index based on CHRygr can
be achieved by merging the standard deviation and range infor-
mation; the maximum allowable CHRygr variation over the con-
sidered sample of engine cycles must be limited, both in terms of
standard deviation and range.

range(CHRNET) < TrangefCHR

(6)
o(CHRNgr) < Ty cHr

The two thresholds in Eq. (6) can be set, based on the engine
tolerance to occasional or systematic heat flux increases. A pos-
sible solution is to define one of the two parameters, and set the
other one based on the normal distribution shape. For example,
Trange_cHr can be defined as the maximum tolerable increase in
heat losses for an isolated knocking cycle. In order to enforce an
equivalent limitation on CHRygt standard deviation, the follow-
ing consideration can be applied: For a normal distribution, the
range 6-0 (u*30) covers the 99.7% of the samples, i.e., almost
the entire range. The second limit (7,cpg) could then be equal to
the first, divided by a factor of 6. This concept can be applied to
the distributions shown in Fig. 6, even if they are not exactly
normal; Fig. 7 shows that the actual ratio between the range and
the standard deviation of the CHRygr parameter varies between 5
and 8.5. It is interesting to notice that the ratio initially increases,
due to sporadic knocking cycles, raising more the maximum value
than the standard deviation, while, as knocking cycles become
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more frequent, the effect on standard deviation prevails. A similar
strategy can be used for the diagnosis, based on MAPO. Thresh-
old setting in this case is challenging, due to the index dependence
on engine speed and load, sensor position, etc. The problem can
be approached by comparing MAPO and CHRygt distributions.

Taking into consideration the distributions corresponding to dif-
ferent SA values shown in the previous figures, MAPO and
CHRygr mean values, standard deviations, and range are all re-
lated.

This facet can be observed in Fig. 8; the reported correlation
coefficients (R) suggest that MAPO and CHRygr standard devia-
tions are almost linearly related. This relationship can be used to
set MAPO thresholds; it is particularly useful to take advantage of
a strong linear relation because it can be estimated during non-
knocking conditions, and it remains unchanged even under heavy
knock. This means that the link between MAPO and CHRygr
standard deviations can be defined and updated in real time, with-
out any previous information; once the engine is working in
steady state, the value of the two parameters can be tracked, their
linear relation coefficient estimated, and the MAPO threshold
T mapo can be finally determined.

As regards to the range parameter, the ratio between CHRygt
and MAPO values would be based on the information of a single
cycle, limiting the evaluation robustness. A possible alternative
approach is to accept the same ratio between the range and o
thresholds for CHR and MAPO. The threshold values can then be
determined as

Ty maro=k Ty cur+9

(7)
T _ TrangefCHR
range_MAPO — { ¢ MAPO * T
o_CHR

It is now possible to detect knocking events also based on
MAPO index as
range(MAPO) < Trange_MAPO

(®)
a(MAPO) < T, yapo

Knock is detected when one of the conditions expressed in Egs.
(6) and (8) does not hold; in this way, both the high frequency
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(MAPO) and low frequency (CHRygt) in-cylinder pressure signal
information content is taken into account for the detection.

4 SA Controllers

A fast and robust mapping requires the SA to be changed rap-
idly and coherently with IMEP variations or knock detection re-
sults. As already remarked, these operations are carried out by two
independent PID controllers. The input for the first one is m, de-
fined in Eq. (3): its value is negative when the combustion is
retarded, i.e., SA must be increased. On the contrary, m tends to
zero when the IMEP is near its maximum: SA must be main-
tained. If m is positive, it means that the combustion is too ad-
vanced, and SA must be decreased. Although m can range from
- to +%, the values it assumes are typically in the range
[—0.1,0.1], as Fig. 4 suggests. This type of signal is particularly
suited to feed a PID controller that will naturally tend to decrease
the error, i.e., to set the optimal SA. Besides the PID gains that
can be set with standard methodologies [29,30], the only param-
eter to set for the definition of the controller input is the number of
engine cycles used to evaluate m. The final choice (10 cycles) is a
tradeoff between a fast response and a stable behavior; the optimal
SA must be met quickly and maintained steadily. An antiwindup
saturation has been applied to the integral term of the controller;
when SA is limited by knock occurrence, m may still be negative,
and the integral term may grow inappropriately. The integral
could also be reset when changes in operating conditions (load,
speed) are detected.

As regards to SA limitations necessary to prevent knock dam-
ages, they have also been introduced by means of a PID control-
ler; since the methodology is oriented toward mapping purposes,
the correct action to take as knock happens is not just an abrupt
SA reduction. The mapping operation requires a knock controller,
able to maintain acceptable knock intensity levels. The controller
input must be based on MAPO and CHRygt standard deviations,
and range, tending to zero as the allowed knock intensity is
reached. This feature is guaranteed by subtracting from the thresh-
old limit the distribution parameters (o, range) evaluated for
MAPO and CHRNET

. . [ T, cur — 0(CHRygr) Tiange cur — range(CHRygr) ]
icyr = Min

o(CHRygy) range(CHRygr)
©)
. . [TU_MAPO ~ 0(MAPO) Tyune wiavo = range(MAPO)}
IMApO = MIN
d(MAPO) range(MAPO)

To compare the inputs and decide which one must be sent to the
knock controller, their values have been normalized. When the
inputs are positive, the condition is nonknocking, and SA can be
incremented. In the opposite hypothesis, SA must be reduced, due
to knock. Only one of the two inputs will be used; as in Eq. (9),
the lowest value will be chosen, meaning that the most severe of
all the knock intensity evaluations is taken into consideration

(10)

As regards the number of engine cycles to use in the statistical
analysis, it must be large enough to be significant of the knock
behavior for the given condition, but still small enough to perform
a fast mapping procedure. The results reported in the following
are based on a 200 cycle sample.

Figure 9 shows the controller input values in tests carried out
with the controller deactivated and constant SA. It can be seen
that, while the value of iy, is always positive for SA=18 deg, it
sometimes becomes negative for SA=20 deg, marking the begin-
ning of knock phenomena. The controller input tends to be always
negative for higher SA levels; under these conditions, the control-
ler will certainly tend to reduce SA.

iknock = MIN(icpr, inapo)
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Fig. 9 Knock controller input

5 Results

The controller calibration and the analysis of the control system
behavior has been carried out offline. For a given operating con-
dition defined by engine speed and load, tests have been run with
constant SA; each test consists of 1000 engine cycles, thus, it is
able to represent the combustion characteristic for a given control
setting, both from mean values and stochastic distribution points
of view. In-cylinder pressure signals have been sampled during
the tests, and processed offline, in order to evaluate indicating
parameters such as IMEP, CHR, MFB50, and knock indexes
(MAPO). All the cycle-based data have been assembled into com-
bustion matrices, with each column corresponding to a different
SA value, and each row representing the indicating or knock pa-
rameter cycle-by-cycle evolution. The matrices can be used to
copy the engine behavior under the influence of a feedback con-
troller regulating the SA value. The number of columns of the
matrices depends on the range and resolution of SA variations
applied during the tests. The SA controllers outputs could require
SA values placed between two subsequent brake points of the tests
grid; indicating and knock parameters in this case are obtained by
means of an interpolation between the values found for the given
row, in the previous and succeeding columns. Finally, in order to
eliminate any dependence on the indicating and knock parameters
cycle-to-cycle pattern found in the sampled data, the order of the
combustion matrices elements is randomized column by column,
each time a simulation is launched.

Figure 10 shows the action of the controller managing the SA
for optimal IMEP; in this case, the knock controller is deactivated.
It can be seen that SA is rapidly increased until it reaches the
value that maximizes IMEP. After that, it is maintained steady; the
oscillations and the controller response can be tuned by means of
the PID control constants, or, as it is shown in the figure, by
filtering the controller outputs with a moving average filter. It can
be seen that after 1000 cycles, the oscillation band is restricted to
*0.2 deg; obviously, a smaller band can be obtained by changing
the controller parameters. It can also be noticed that in less than
400 cycles, the controller brings SA in the range of *1 deg with
respect to the optimal value. The real advantage of the methodol-
ogy, however, is to concentrate the SA sweep in a single test. The
performance could be improved, but it has to be reminded that the
IMEP optimizer has to cooperate with the knock controller that
needs a larger number of engine cycles in order to evaluate knock
intensity.

Figure 11 shows the superimposition of ten simulations, each
one carried out with different random cycle sequences, confirming

Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.96. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



950mbar@ 1800rpm, AFR=13.9

28 T T

261

241
= ——Cyl 1
§ = = =Cyl1 Mov. Average 1000 Cycles
S I Fed Cyl 2 |
2 22 ='=1Cyl 2 Mov. Average 1000 Cycles
x
IS
o
)

207 b
18 b
16 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000
Engine Cycles [ ]

Fig. 10 SA control for optimal IMEP

that the results do not depend on the pattern of engine cycles used
for the simulation. The oscillation bandwidth is once again *0.2°.

The controller actually leads to the maximum IMEP, as can be
seen in Fig. 12, where the IMEP for cylinders 1 and 2, and BMEP
mean values, are reported.

The knock controller has to stop the IMEP optimizer as knock
is detected, limiting the SA value to the tolerable knock threshold.
Figure 13 shows how the two controllers modify the SA during a
simulated test; first, the IMEP optimizer requires a rapid increase
in SA, due to the high error input. Then, after knock is detected,
the knock controller decreases the SA until it is smoothed to a
knock-safe level. The process can be considered terminated after
3000 engine cycles, when the SA value oscillates in the range of
*0.2° with respect to the average.

The proposed approach proves to be efficient and precise in
determining optimal SA values, taking into account IMEP optimi-
zation and knock diagnosis. The methodology will be imple-

950mbar@1800rpm, AFR=13.9
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Fig. 11 Simulations superimposition
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mented in a real time combustion control system described in Ref.
[31] that is able to analyze the in-cylinder pressure signal, deter-
mining in real time, cycle by cycle, indicated and knock param-
eters. Further work will be devoted to the controllers’ improve-
ment with an extension to transient conditions that could lead to
an on-board application.

6 Conclusions

The paper presents a SA mapping approach based on the statis-
tical analysis of in-cylinder pressure based indexes; the objectives
are to maximize IMEP and to limit knock to acceptable levels.

The combustion event is described by means of the MFB50
parameter, and the observation of the trend IMEP-MFB50 allows
defining a suitable parameter to use as input for the SA controller
in charge of the IMEP optimization.

950mbar@ 1800rpm, AFR=13.9
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Fig. 13 SA control with both the controllers activated
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Knock diagnosis is carried out by comparing the distributions
of two knock-sensitive parameters; CHRygt is based on the low
frequency content of the in-cylinder pressure signal, while MAPO
is based on the high frequency content. Both sporadic and system-
atic knock effects must be taken into account, thus, standard de-
viation and range of the two parameters within a given buffer of
engine cycles are considered as knock-sensitive indexes. Thresh-
olds are set for CHRygr, and the relationships between the distri-
butions can be used to set thresholds for MAPO. The distance
from the thresholds are then used as inputs for the SA knock
limiter controller.

The methodology has been applied offline, showing that the
optimal SA can be determined within 3000 engine cycles.

Nomenclature
a Wiebe function parameter
AFR air to fuel ratio
b; y-intercept for the line interpolating
AMFB50|j versus AIMEP |j distribution
BSFC brake specific fuel consumption
c Offset for the relationship between CHRygt
and MAPO standard deviations
CHRygr net cumulative heat release
OMFB50> OIMEP MFB50 and IMEP cycle-to-cycle variations
AMEBsos AvEp vectors containing the last N values of
Omrsso and Spviep
ECU electronic control unit
ICHR input of the knock controller based on
CHRyer
IMAPO input of the knock controller based on
MAPO
IMEP indicated mean effective pressure
K angular coefficient of the line interpolating
Ty mapo versus T, cpg distribution
Y specific heat ratio
m; angular coefficient of the line interpolating
AMFBSO|[ versus AIMEP|[ distribution
my = Wiebe function parameter
MAMFB maximum acceleration of mass fraction
burned
MAPO maximum amplitude of pressure oscillations
MBT maximum brake torque
MFB50 angular position corresponding to: fuel
mass fraction burned = 50%
N = number of engine cycles in the buffer
Pyt 1p low-pass filtered cylinder pressure (Butter-
worth, 3 kHz)
Pyt np high-pass filtered cylinder pressure (Butter-
worth, 5 kHz)
PFI port fuel injection
PID = proportional-integer-derivative (controller)
R linear correlation coefficient
(Bravais—Pearson)
ROHR rate of heat release
q y-intercept for the line interpolating
T, mapo versus T, cyr distribution
SI spark ignition -
SA spark advance
Trange_CHR maximum allowable CHRygr range
T range_MAPO maximum allowable MAPO range
Ty cur maximum allowable CHRygt standard
deviation
Ty MaPO maximum allowable MAPO standard
deviation
TDC top dead center
V = cylinder volume
V, cylinder displacement
Xp mass fraction burned

082803-8 / Vol. 132, AUGUST 2010

Downloaded 02 Jun 2010 to 171.66.16.96. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm

A6 = combustion duration
o = standard deviation
0 = crankshaft angle
6soc = angle corresponding to the start of
combustion
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