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Abstract

In this paper the acoustic response of a combustion chamber is studied by assuming different pressure field excitation.
The viscous effects on the combustion chamber and the finite impedance of the walls have been modeled with a first order
system, which damps the resonance oscillation created by combustion. The characterization of the acoustic response of
the combustion chamber has been used to identify the source of the excitation in order to distinguish normal combustion
from knock. Two engines, a conventional spark ignited (SI) and a turbulent jet ignition (TJI) engine, were used, fueled
with gasoline and compressed natural gas (CNG), respectively. The pressure fluctuations in the combustion chambers
are analyzed and a pattern recognition system identifies the most likely source of excitation. This new criteria for knock
identification permits a more consistent differentiation between knocking and no-knocking cycles, independent on the
amplitude of the phenomenon, thus allowing the improvement for knock control algorithms, specially with combustion
modes which heavily excite resonance, such as turbulent jet ignition or homogeneous charge compression ignition (HCCI).

1. Introduction

Knock in spark-ignition (SI) engines is an abnormal
combustion phenomenon associated with the auto ignition
of a portion of the fuel-air mixture ahead of the propagat-
ing flame front [1]. The combustion process of the knock-
ing combustion has two stages: flame propagation induced
by spark ignition and end-gas auto-ignition favored by the
pressure increase due to the flame front evolution. The
rapid auto-ignition of the end gas heavily excites reso-
nance and reduces the engine efficiency, produces vibration
noise, and heavy knock might cause damage to the engine
[2]. Knock combustion research is crucial because it de-
termines engine durability, fuel consumption, and power
density, as well as noise and emission performance [3].

In recent years many solutions had been studied in or-
der to improve the efficiency in SI engines, one is the lean
burn concept, which consist of operating the engine in lean
conditions (A > 1) [4, 5]. The main problem of lean burn
concept is the higher combustion instability [6]. Combus-
tion cycle-to-cycle variability might be reduced by increas-
ing the ignition energy [7, 8]. In order to develop technolo-
gies that increase the ignition energy, the pre-chamber ig-
nition concept has been studied, specifically Turbulent Jet
Ignition (TJI), and has proven to be an interesting solution
from the point of view of stability and indicated efficiency
[9].

In TJI combustion mode, knock represents one of the
main constraint to increase the engine efficiency, as it can-

not be easily difference from normal combustion [10, 11],
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since resonance is highly excited by normal combustion. In
contrast with normal TJI combustion, knock might cause
low or high resonance excitation, as it depends on the
quantity of end-gas burnt. The intensity of the auto igni-
tion is random in nature, i.e. hot spots, 3D temperature
distribution, or in homogeneous residual gases distribution
preclude its deterministic prediction. Henceforth, engine
control settings might be carefully chosen to guarantee op-
erating conditions with no knock, and consequently lower-
ing potential engine efficiency e.g. by retarded combustion.

One of the main control parameters in SI and TJI en-
gines is the spark advance angle (SA) [12], since it allows
to modify the combustion timing and also the knock prob-
ability. The most used spark advance control strategy con-
sists of advancing the spark angle by an amount K4, to
improve engine efficiency, while retarding a higher amount
K. when a knocking cycle is detected in order to avoid
engine damage [13].

Many knock recognition techniques for SI can be found
in literature, such as ion current signal [14], accelerometers
[15, 16, 17] or in-cylinder pressure. Due to its simplicity,
accelerometers measurement is largely employed in indus-
try. However, the quality of knock recognition is often
affected by the associated noise [1], being the most precise
technique based on in-cylinder pressure sensors because
provides reliable information on the pressure oscillations
in the combustion chamber [18].

Numerous knock recognition methods for SI engines
based on in-cylinder pressure have been published, some
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authors computed knock recognition by quantifying the
pressure oscillations [18, 19], other methods are based on
heat release analysis, e.g in [20] a zero-dimensional two-
zones model was developed in order to predict knock oc-
currence through five heat transfer coefficient correlations.
Further methods use the frequency domain to obtain knock
indexes, using e.g discrete Fourier transform or discrete
wavelet transform [21, 22].

In [23] was shown that the recognition of weak knock-
ing cycles would substantially improve knock control al-
gorithms. The most extended indicator for knock recog-
nition based on in-cylinder pressure, is the maximum am-
plitude pressure oscillation (MAPO) which computes the
maximum absolute value of the filtered pressure signal in
the resonance frequency range. Nevertheless, MAPO, and
most of recognition methods used, are based on a single
parameter that determines the resonance intensity in the
whole cycle. A pre-selected threshold must be provided
for knock recognition and if the threshold is not prop-
erly chosen, the method is unable to distinguish between
combustion and auto ignition, for on-board processing and
control.

In [24] the authors presents a knock recognition method
which take into account the intensity of the in cylinder
pressure oscillations and its angular evolution, being able
to detect low-knocking cycles in SI engines. However, the
method still relies in a predefined threshold. In Bares
et al. [25] a new knock event definition is proposed for
SI engines, the method consist in comparing the excita-
tion of the cylinder resonance produced by auto ignition
with that associated with combustion, being able to detect
low-knocking cycles. But the method lacks form sufficient
precision when both events have similar amplitude or are
located in similar crank angle positions. This might be
specially critical in new combustion modes, such as TJI
combustion, which heavily excite resonance due to very
fast burn rates because of the ignition system, and normal
combustion can easily be confused with knock [26].

The aim of the present work is to propose a more ac-
curate knock recognition method, hence the combustion
resonance in two different engines is analyzed, ST and TJI
combustion engines. A model for the combustion chamber
response is presented, based on how resonance excitation
occurs and how it is damped during the piston stroke. The
model objective is to identify two cases, normal and knock-
ing combustion. The model is used in conjunction with
a pressure-processing algorithm, previously published by
the authors [2], and determines the intensity evolution of
the resonant modes in the combustion chamber. The new
knock identification procedure is compared with the con-
ventional MAPO definition by using a conventional knock
control strategy to maintain knock at desirable levels.

This paper is organized as follows: next section presents

the experimental set up and test performed for the two
engines. Then, a resonance characterization, where reso-
nance is analyzed for both engines and the resonance indi-
cator is presented. After, the model used is introduced and
the two cases, combustion and auto ignition, are presented,
and the knock recognition method is described. Next, a
comparison between the new knock recognition methodol-
ogy and the traditional MAPO definition is made by using
the classical knock control strategy. And finally, in Section
6 the main contribution of this work are summarized.

2. Experimental set-up

Two different engines, namely engine A and B, were
used to analyze the resonance excitation during normal
combustion and knock:

e Engine A: A four-stroke SI production engine was
used to analyze resonance and validate the new def-
inition proposed. The control system of the engine
includes an electronic control unit (ECU), which has
been bypassed with an ETAS ES910 system for mod-
ifying the standard calibration. A prototyping sys-
tem from National Instruments was used for acqui-
sition, control, and diagnosis purposes.

e Engine B: A single-cylinder research version of a 4-
stroke turbocharged TJI engine was used to identify
the resonance excitation in such combustion mode.
A prototyping system from National Instruments was
used for acquisition, control, and diagnosis purposes.

The experimental data was used for illustration pur-
poses and for experimental validations. Engine A and B
specifications are shown in table 1, acquisition and control
system specifications for both engines are shown in table
2, and a general control scheme is shown in figure 1.

Table 1: Engine A and B specifications
EngineA EngineB

Displaced volume 1300 cc 404 cc
Stroke 81.2 mm  80.5 mm
Bore 72 mm 80 mm
Compression ratio 10.6:1 13:4:1
Combustion SI SI-TJI
Number of cylinders 4 1
Fuel injection system GDI PFI

3. Resonance characterization

The frequency evolution of the in-cylinder pressure res-
onance in a cylindrical combustion chamber was studied in



Table 2: Engine A and B acquisition and control specifications

EngineA EngineB
Pressure sensors AVL ZI33 Kstler 6061B
Amplifier Kistler 5011 Kistler 5018
Controller PXI 8110 PXI ¢RIO 9024(FPGA) and PXIe8133

Acquisition modules

Control modules PXI-7813
CAN interface module PXI-8513
Sampling accuracy [CAD] 0.2

PXTI 6123 and PXI-6251

PXI 9133 and PXI 6356
NI 9758, NI 9759 and NI 9401

0.5

Controller & acquisition modules

Engine

Manitoring

Figure 1: General scheme control of engine A and B.

[27], showing that the characteristic frequency generated
in the combustion chamber can be expressed as:

B,
fos = asw Ly 4 ()2 (1)

where the axial modes g are neglected near the TDC be-
cause the height is too low (h < D), D is the bore of the
cylinder, as the speed of sound and B; ;) are the Bessel
constants related with the radial modes, 7 and j represent
the number of circumferential pressure modes and number
of radial pressure modes, respectively [28]. The speed of
sound can be calculated by measuring the trapped mass
m, the in-cylinder pressure p, and estimating the instan-
taneous volume of the chamber V.

as = W (2)

where v is the specific heat capacities ratio of the gases
inside the cylinder, which can be approximated by divid-
ing the gas mixture in three species, namely air, fuel, and
burnt products, and modeled by polynomial expressions
for the in-cylinder temperature such as suggested in [29].

Drapers equation is the main indicator for locating the
knocking frequencies [30]. In the cases of engine A and B
described above, the most significant resonant frequencies
vibrate between 5 kHz and 20 kHz.

Note that Equation drap provides only the resonance
frequency, but not the amplitude of such oscillation. The
amplitude of the pressure fluctuations depends on how
combustion excites the acoustic field, and because of the
finite impedance of the walls and the viscous effects, the
oscillation is damped during the piston motion.

However, is not trivial to determine the resonance in-
tensity evolution. On the one hand, the analysis in the
time domain does not provide direct information about
resonance frequencies, but on the other hand, the fre-
quency analysis with a Fourier transform does not have
crank angle resolution. In order to differentiate these two
phenomena time-frequency analysis, such as short Fourier
transform (STFT), is required. The STFT provides the in-
tensity of the signal in the frequency domain at each crank
angle position by windowing the pressure signal and sliding
the window along different crank angle position. However,
high resolution in time and in frequency is not possible,
i.e. for an adequate frequency analysis large windows are
needed while such windows include frequency components
of the surrounding and henceforth reduce the time resolu-
tion by filtering the estimation in time.

In this section STFT is used to analyzed the resonance
evolution for knocking and no knocking cycles.

3.1. Knock and no-knock events

Figure 2 analyses the pressure signal for two cycles:
a no-knocking (left plot) and low-knocking cycles (right
plot), for both engines, top plot engine A and bottom plot
engine B. The resonance intensities no-knocking and low-
knocking cycles are similar for a given engine, i.e. 0.25 bar
for Engine A and 1.25 bar for Engine B. The heat release,
CA50 and CA90 are shown, and the corresponding fre-
quency spectograms (STFT) by using a Blackman-Harris
window of 30 CAD are also included.

Despite similar amplitudes, in knocking events an ab-
normal increase in the heat release rate at the end of the
conventional combustion is observed. This rapid combus-
tion produced by auto ignition excites the resonance fre-
quencies near the end of combustion. On the other hand,
for no-knocking cases frequencies are excited near the max-
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Figure 2: Top plot: Engine A. Bottom plot: Engine B. HRR, CA50,
CA90 and their spectrogram from two cycles: no-knocking cycle
(left) and low-knocking cycle (right). Operation point engine A:
2000 rpm. P;,; = 1 bar. Operation point engine B: 2000 rpm.P;,;
= 0.75 bar.

imum of the heat release.

Note that in both cases, i.e. no-knock and knock, the
MAPO amplitude, shown in figure 4 (0.3 bar for engine
A and 1 bar for engine B), is similar. Therefore, if a low
MAPO threshold is applied, the normal combustion would
be wrongly processed as knock. On the other hand, if a
high MAPO threshold is chosen, low knocking cycles will
not be detected leading to dangerous knocking operating
conditions.

With the aim of compare the SI and TJI combustions,
MAPO probability distributions over 200 cycles for three
settings of SA at each engine are shown in figure 3: the left
plot shows results in Engine A while right plot shows re-
sults in Engine B. It must be noted that the resonance
levels are much higher on the JTI combustion (Engine
B), where conventional combustion commonly achieves 0.8
bar of MAPO. It can be also noted that, in Engine A, as
SA is advanced, the MAPO distribution tends to higher
values, because of knocking events, while in engine B as
the SA progresses there is little change in the distribution
of MAPO, as combustion hides knock and only knock-
ing events above 1 bar are identified with MAPO criteria.
In red dash line, the MAPO threshold for both engines
is shown, for engine A a MAPO threshold of 0.4 bar is
chosen, while for engine B a MAPO threshold of 1 bar is
chosen, if a lower limit is chosen normal combustion cycles
will be identify as knock.

3.2. Resonance analysis

The STFT could be used to analyze the resonance in-
tensity by integration of the frequency spectrum in the
range of the mode under analysis [31]. The first resonance
frequency mode (1,0), contains most of the oscillating pres-
sure energy [32], and is damped in a slower way due to the
more intense attenuation of higher frequency modes[33].
The integration of the pressure oscillation energy over the
entire frequency domain of 5-15 kHz would be sufficient
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Figure 3: MAPO probability distributions over different SA. Left
plot: Engine A, operation point 2000 RPM. P;,; = 1 bar. Right
plot: Engine B, operation point 2500 RPM. P;,; = 1.8 bar.

for analyzing such mode. However, the integration in the
frequency domain at each crank angle position after pro-
cessing a STFT has a disadvantages in real-time knock
recognition applications as the computation burden of the
integration calculation might be too heavy [33].

An alternative to the Fourier transform was developed
in [34]. The authors suggest a modified Fourier trans-
form to contemplate resonance theory by using a convolu-
tion with harmonics that are based on the resonance the-
ory. These harmonics are characterized by virtual trapped
masses which determine the frequency shape, in contrast
to Fourier transform which uses constant frequency har-
monics. The method was though to identify the most likely
trapped mass, by processing the pressure signal oscilla-
tions. However, in [2] a similar alternative to the STFT
was proposed. If the trapped mass is known, the convo-
lution of that harmonic with the filtered pressure signal
represents the similitude of the measured oscillation with
the theoretical response of resonance. Henceforth, if the
pressure signal is windowed, and the intensity of the reso-
nance is measured at each crank angle position, an indica-
tor of the resonance excitation evolution is provided. The
discrete form is defined by:

~ o S=e BYAWRDVE)
I(a) = Z w(a—aq)ppp(a)e 273 0o =D
=

where a7 and ag define the interval where the reso-
nance analysis is performed, w is a window function of
o — o length, pp, the high pass filtered pressure, and
Ts(«) is the sampling period, which is constant only in
time-based acquisition or if the instantaneous engine speed
fluctuations are negligible, B is the Bessel constant, D is
the bore of the cylinder, V' the chamber volume, m the
trapped mass, and p the in-cylinder pressure.

In a similar way than for the STFT, the use of a win-
dow function to provide crank angle resolution influences
the frequency analysis. For this work a Blackman-Harris
of 26 CAD was chosen: an smaller window leads to a




noise measurement while a larger window dilutes the fre-
quency content in the time domain (or crank angle do-
main). More information about the window influence on
the time-frequency analysis is provided in Appendix.

In figure 4 the pressure signal, high-pass filtering, is
shown together with the evolution of the resonance indica-
tor, which has been normalized for illustration purposes.
Two cases, a no-knocking cycle (left) and a low knock-
ing cycle (right) have been analyzed and the CA50 and
the CA90 have been also represented with vertical dashed
lines. The top plots correspond to Engine A and the bot-
tom plots to Engine B.
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Figure 4: Resonance indicator. Left side: Engine A. Right side:
Engine B. Top plots: No-knocking cycle. Bottom plots: Knocking
cycle.

Analyzing figure 4, note that the maximum of I, de-
pends on how the combustion is exited: in no-knocking
cycles (left) resonance is exited during the combustion
and reaches the maximum between the CA50 and CA90,
while in knocking cycles, although resonance is also ex-
cited by normal combustion, the main resonance contribu-
tion comes from the auto ignition of the end-gas, at the
CA90, and hence, its maximum is found after the end of
combustion.

Moreover, for knocking cycles the resonance is heavily
exited after the end of combustion, and slowly damped
during the expansion stroke. In no-knocking cycles, the
resonance is exited during the whole combustion, around
CA50.

4. Model Description and knock recognition method

4.1. Model description

In order to model the resonance evolution during nor-
mal and knocking combustion, an approximation of the
resonance attenuation is analyzed. An approximation to
real frequency attenuation in ducts is performed in [35],
where the viscous effect in the attenuation of resonance
have been analyzed, leading to an attenuation constant

_Ir-norm y 0.5

which is function of the oscillation frequency and the con-
ditions of the gases. However, Munjal studied the propa-
gation of the wave along large ducts and did not consider
the real impedance of the walls, i.e. a perfect reflection
was assumed.

In this work an attenuation constant 3 is used to rep-
resent the movement of the piston and the real acoustical
response of the combustion chamber: the finite impedance
of the walls, and the viscous attenuation of the medium.
The value of § is assumed to be constant for a given cycle,
but might change when varying the operating conditions.
The amplitude of the pressure oscillation is modeled as a
first order system, which can be described in the discrete
time domain as [36]:

z 1

Gal#] = LT 1 kqgz—1

(4)

where z~! represents a unit delay, kq = e°”* is the param-
eter that characterize the damping in the discrete domain,
and T is the sampling period.

The transfer function in equation dec leads to compute
the evolution of the resonance amplitude from the excita-
tion of resonance u(z):

A(z) = Galz]u(z) (5)

However, as previously mentioned, it is not possible
to identify the amplitude of the resonant mode in a con-
crete time step, but a diluted estimation after a window
is applied. Henceforth, we can assume that the estimation
provided by trans is proportional to the amplitude of the
oscillation at such frequency within a time window.

I.(2) x W[z]A(2) (6)

where the window function W{z] consists in a zero-phase
filter with a Blackman-Harris window weighing:

N/2

Wiz] = Z wp2"

n=—N/2

(7)

where N is the window length in samples, and w,, the win-
dow factors that accomplish Y w,, = 1.

Although the real amplitude is expected to be A(z),
the valuable information comes from Ww]A(z) as it is
comparable with the measured resonance intensity I,.(z).
Figure 5 shows an scheme of the model developed. The
only missing information is u(z), i.e. how combustion ex-
cites resonance, which should can be modeled as a function
of the combustion parameters.

Here two hypothesis are made:
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Figure 5: Resonance model scheme.

e In normal combustion the resonance excitation (u¢)
is assumed to be caused by the heat fluctuations so
the heat release rate (HRR) was assumed to be pro-
portional to the resonance excitation. That means
that the highest excitation is caused at the maximum
HRR but all the combustion has certain contribution
to the final resonance evolution.

uc(z) = C - HRR(z) (8)

e In a knock event, all the excitation, is assumed to be
delivered in a small step located just after the end of
combustion (EOC). The intensity of the fluctuations
caused is proportional to the fuel burnt in auto ig-
nition conditions, which cannot be measured online.
To represent the rapid pressure rise in auto ignition
event, a step function of 0.5 CAD of a intensity |u 4|
has been used.

The attenuation, k4, and the proportional relation be-
tween the HRR and the resonance excitation, C, might
slightly depend on the operating conditions, but its value
is expected to be almost constant and can be identified
on-line.

Note that if only the shape of the resonance intensity
evolution is considered by dividing by the maximum reso-
nance intensity, C' and |u4| are not required, as they only
scale the model output. Henceforth, only by applying the
aforementioned assumptions, and with kg, it is possible to
obtain an expected non-dimensional evolution of the reso-
nance intensity, for both types of excitation: normal com-
bustion or knock. Figure 6 shows the expected resonance
excitation from a normal combustion event (I.—moder) and
from an auto ignition event (I,_moder), and they are plot-
ted together with the resonance indicator I,._,pm for the
cycles shown in Figure 4.

As can be seen in figure 6, the estimated resonance
evolution, I,_,0rm, l00ks closer to the combustion model,
I._model, in no knocking conditions, while it seems more
correlated with the auto ignition model, 1,041, When
a knock event occurs. Note that the previous correla-
tions to normal combustion and auto ignition models have
been taken regardless of the amplitude of the resonance,
which highlights the possibility of using such methodology
for cycles where the resonance intensity of the combus-
tion is similar to that from the auto ignition, i.e. either
in low-knocking cycles in SI engines where the auto igni-
tion excitation is small or in new combustion modes where
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Figure 6: Combustion and auto ignition model compared with I,. for
cases of figure 4.

combustion noise can create pressure oscillations with an
amplitude higher than 1 bar.

The final algorithm makes use of cycle-to-cycle data
processing to update the damping and combustion excita-
tion by using an infinite input response (IIR) filter, follow-
ing:

AL = kRan, +EE(Q — ayp)

cktl Cr oy + CF(1 = ay) (10)
where /lgd and C are the identified damping and combustion
excitation parameters, and o, is the IIR filter coefficient
weighting the impact of previous value (labeled with super
index k) and innovation.

4.2. Knock recognition procedure

In a given operating condition, the resonance excitation
due to combustion is expected to be:

I.(z) = W[z]Gq4lz|uc(z) (11)

where the combustion excitation is assumed to be propor-
tional to the HRR, i.e. uc(z) = C - HRR(z).

However, even if C'is properly updated, there is certain
variability due to the hypothesis taken and measurement
uncertainties. In this work, all the variability is attributed
to C, assuming that its expected value follows a Gaussian
probability distribution N(C,o(C)), being C the param-
eter updated and o(C) the variability measured cycle-by-
cycle.

Henceforth, the expected value of the resonance exci-
tation is comprised between the value obtained with C' —
30(C) and C + 30(C), which can be represented by I
and I}.




In order to allow a fast recognition of severe knock,
where the resonance amplitude is high, I is used as mini-
mum threshold for severe knock. If the maximum intensity
measured is higher than the maximum intensity expected:

max(I¥) > max(I%)* (12)

a severe knock event is identified. However, when the mea-
sured maximum intensity lies in the uncertainty region, the
shape of the oscillation might give an insight about how
resonance was initiated.

In order to identify a knock event in such cases, the
estimated resonance evolution is normalized and it is com-
pared with the combustion model and with the auto igni-
tion model (both normalized). Although a more sophisti-
cated pattern recognition algorithm might be developed,
an euclidean distance thought the crank angle (6) is pro-
posed as error metric:

Be(f : 02) = 3=g: Le—norm(©) = Ir—norm (0)
Ea(91 : 92) = Ze;af ||Iafnorm(9) - IT*norm(a)H

The interval 61 : 65 corresponds to the main part of
the combustion process, before C A10 and after C A90, for
this work a window between -30 CAD and 80 CAD is con-
sidered.

If the model match better with the auto ignition model,
E,(02) < E.(02), knock is assumed, otherwise, it is esti-
mated that combustion is normal. Figure 7 illustrate the
scheme used for knock recognition.

HRR(z) Resonance [ I._,qim(0) |E.(82)]
—_— model =
(ka,w)
knock 1)
g Iy aaim(6) > fb—
21
L Resonance
. — model —

ka,
™ |y aam®  [Ea(8)]

Figure 7: Scheme of the shape criteria procedure for knock recogni-
tion.

The final procedure comprise a double criteria for knock
recognition and an adaptation of the main parameters for
the acoustical response of the chamber: the resonance
damping is continuously updated while the combustion ex-
citation can only be updated when no knock is detected.
Figure 8 resumes the entire procedure.

5. Results and discussion

5.1. Adaptation of model parameters

Figure 9 shows an histogram with the identified time
constants for 500 cycles at no-knocking conditions for en-

(13)
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Figure 8: Scheme of the complete procedure.

gine A and B, while Figure 10 plots the proportional rela-
tion found between the HRR and the resonance intensity
(I). Engine A was operated at 2000 rpm an exhibit an
average MAPO of 0.18 bar, while Engine B was working at
2500 rpm with an average MAPO of 0.48 bar. The mean
value and the standard deviation of both analysis have
been collected in table 3. The characteristic time constant
of both engines is 0.80 and 0.93 ms respectively, and is
derived from:

1 T,
T=== (14)
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Figure 9: Damping identified at 500 cycles with conventional com-
bustion. Left plot: Engine A. Right plot: Engine B.
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Figure 10: Proportional relation between HRR and resonance inten-
sity identified at 500 cycles with conventional combustion. Left plot:
Engine A. Right plot: Engine B.

It must be noticed that the shape of both histograms
is not symmetrical, and has a small cue at lower values of
damping and higher values of the combustion excitation.



That deviation from the expected value can be attributed
to outliers where the resonance is not completely explained
by combustion but other sources might have interfered,
such as noise or an small auto ignition at the end of the
combustion. Also note that the variability at damping can
be neglected, i.e. represents a 0.6 % in Engine A and a
0.4 % in Engine B, but the combustion excitation variance
(UCC)) is estimated around a 30 %, so the criteria of the
shape is crucial for a proper knock diagnosis.

Table 3: Model parameters
Engine A Engine B

d 0.9795 0.9651
o(kg)  0.0059 0.0043
C 0.0184 0.1125
a(0) 0.0051 0.0352

In order to evaluate the model under transient condi-
tions, a SA and throttle valve (Xy,) transient was per-
formed in engine B with the engine running at 2500 rpm.
Figure 11 shows the evolution of the model parameters
during the transient, the damping (k4) and the combus-
tion excitation (C) characteristics have been continuously
adapted by using IIR filters, as is described in eqlIR and
eqlIR2, with ay, = 0.98. Nevertheless, note that this pa-
rameters are not highly influenced by the operating con-
ditions.

time [s]

Figure 11: Evolution of model parameters in transient conditions.
Engine B.

5.2. Knock recognition: comparison with MAPO

Figure 12 shows F, and E. in 1000 cycles at steady
state operation for Engine B, where SA was varied from
25 to 40 CAD before TDC. The dashed red line shown
on the left plot represents the knocking criteria (E.(f2) <
E,(02)). Black dots highlights cycles with a knocking cri-
teria of MAPO > 0.6 bar, red crosses highlight cycles with
MAPO > 1 bar. In blue circles three different cycles have

been highlighted, the HRR and pp, of these blue circles
cycles are represented in the right side to illustrate the
advantage of the new knock definition. Both, points 1
and 2, are normal combustion cycles, but are classified as
knocking for a MAPO threshold of 0.6 bar, while are no
classified as knocking for the knock recognition method
proposed. On the other hand, point number 3, which is
not detected by MAPO threshold of 0.6 bar, is detected
by the method proposed.
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Figure 12: Left plot : E, and E. for SA settings from 25 to 40 CAD
before TDC. Right plot: Detailed points. Engine B, operation point
2500 RPM. P;,,+ = 1.8 bar .

The same analysis was performed for engine A at var-
ious steps of SA: the classical knock identification method
was compared with the new knock criteria. Figure 13 (left
plot) compares the percentage of knocking cycles obtained
from various levels of MAPO and for the current method-
ology proposed at each data set. The low threshold chosen,
0.25 bar, has several erratic identifications of knock at no-
knocking conditions(SA<=8), while the second threshold,
0.4 bar, which is more representative of an ECU calibra-
tion, can only detect part of the cycles that are detected
with the proposed methodology. Right plot of Figure 13
shows the knock probability of the new knock event defini-
tion versus the knock probability obtained by the MAPO
definition with a threshold at 0.4 bar. Note that the new
definition is capable of recognizing low-knocking cycles,
being the knock probability greater for each SA. The low
intensity knocking are, where SI engines use to be con-
trolled has been zoomed in a small plot at the right side,
here, it can be seen that a probability of 1 % with a MAPO
threshold of 0.4 bar, is equivalent to a knock probability of
8 % of the new method. This higher rate of low-knocking
cycles recognition will allow to improve the control in such
situations.

Two of the main problems of MAPO are:

1. Difficulty to discern normal combustion from knock-
ing combustion when resonance is heavily excited as
in new combustion modes. This issue, which pre-
cludes the application of a MAPO criteria in new
combustion modes, is solved by the proposed shape
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Figure 13: Left plot: Knock event probability for different SA steps.
Right plot: Knock probability with MAPO threshold 0.4 bar com-
pared with new recognition method. Engine A, operation point 2000
RPM. P;,+ = 1 bar.

criteria, as it identifies how is the source of excita-
tion, regardless of the intensity of the fluctuation.

2. Difficulty in recognition low knocking cycles without
false recognition in SI engines. This is solved by
being able to detect where resonance is excited by
the proposed shape criteria, being able to control
knock at higher rates

Indeed, the proposed knock recognition method has
been implemented in real time with a conventional knock
controller. This controller is characterized by adjusting the
spark angle SA(; 1) of the forthcoming cycle according to
the outcome of the previous firing as:

_ { SAi—l

conv - Kret
S Azcgfr%v + Kadv
where ¢ denotes the cycle number, and K,q,, K;e: are
controller gains. K. is much larger than K4, so the
spark slowly advances during non-knocking periods, but
it is rapidly retarded if a knock event occurs. These two
gains are related by the knock probability, as following;:

if Knock

54 otherwise

conv

(15)

1 _
Kret = JKadv
p

(16)

the value of K4, characterize the time response of the
controller: on the one hand, high values might allow the
controller to reach the optimal value faster when its far
from it, but on the other hand the variation of the SA
will be higher and hence, higher knock intensities are also
expected.

For validation purposes, engine A described in sec-
tion 2 was tested with a conventional knock controller for
MAPO definition (threshold 0.4 bar) and the new recogni-
tion method proposed (NM). Knock probability rate was
set to 1 % for MAPO definition and 8 % for NM, as figure
13 proves both values to be equivalent. Figure 14 illus-
trate the controller performance while table 4 summarizes
the characteristics of both controllers and the results ob-
tained in terms of IMEP, MAPO and SA. Two tests with
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two controller speeds, defined by the K,4,, where tested,
keeping the engine speed and the injected fuel quantity
constant.

—_

—_

SA-bTDC [deg]

DO 0 O N
\

230 240

time [s]

Figure 14: Conventional controller output using both definitions Test
1. Engine A

Table 4: Results of tests performed with conventional knock control.
Engine A

MAPO 0.4 bar NM
Testy Testa Testy Testy
Timels] 600 800 600 800
Koq|[CAD] 0.01 0.02 0.01 0.02
p[%)] 1 1 8 8
K, et|CAD] 0.99 1.98 0.115 0.23
SAmeanldeg] 8.82 8.84 9.3 9.47
SAmaz|deg) 10.84  10.82 9.88 9.9
osA 0.57 0.97 0.2 0.3
IMEPeanlbar] 114 11.58 11.62 10.78
IME Pyyqlbar] 0.15 0.16 0.1 0.11
MAPOqz[bar]  0.95 0.98 0.45 0.57

Results of Table 4 highlights that the new definition
offers more information about knock, which is used to im-
prove the controller performance, i.e. it reduces the vari-
ability and achieves a more efficient average value. The
higher SA variability makes the controller modify the SA
to more advanced values leading to dangerous knocking
events. The maximum values for the new recognition method
were 0.45 bar and 0.57 bar, while the maximum MAPO
when using the classical definition were 0.95 bar and 0.98
bar. The lower variability also allows the controller to
reach higher SA which leads to a higher indicated effi-
ciency.

6. Conclusions

An analysis of the resonance excitation of two different
engines was performed in this paper, a mathematical tool
based on resonance theory was used to characterize res-
onance and build a model capable to distinguish normal
combustion from auto ignition. A new knock recognition
method was presented by comparing the resonance indica-
tor with combustion and auto ignition models.




This methodology, based on the shape of the resonance
evolution, and not only its intensity, will permit the recog-
nition of knock in new combustion modes, where the res-
onance is highly excited by combustion, while it will facil-
itate the recognition of low-knocking cycles in SI engines.
Results shown that using the new knock event definition
improves the performances of the conventional controller
in terms of dispersion of the spark advance, average indi-
cate mean effective pressure and maximum knock inten-
sity, and improves knock recognition in cases where com-
bustion strongly excites resonance.

A conventional knock control algorithm was used for
comparing the new knock recognition method with classi-
cal MAPO definition in a commercial SI engine. Results
shown that for maintaining a desired knock level, the new
knock recognition method is able to increase the average of
the spark advance and reduce the SA dispersion in more
than 60 %, which implies a significant reduction of the
maximum MAPO reached and an increase in the indicated
efficiency.
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Appendix A. Appendix

Appendiz A.1. Effect of the window

Different Blackmannharris windows were analyzed in
order to choose the proper size, in Figure Appendix A.1
the evolution of the resonance computed as trans is shown,
by using various windows sizes.
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Figure Appendix A.l: Windows size effect in resonance indicator.

A wider window has more resonance information, while
a smaller window has less resonance information but more
time resolution [37]. Note that a small window has signif-
icant noise while a large window cannot precisely appreci-
ate the temporal evolution of the oscillation.
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