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Abstract: The knock phenomenon is one of the major hindrances for enhancing the thermal efficiency
in spark-ignited engines. Due to the stochastic behavior of knocking combustion, analytical cycle
studies are required. However, there are many problems to be addressed with regard to the individual
cycle analysis of in-cylinder pressure data. This study thus proposes novel, comprehensive and
efficient methodologies for evaluating the knocking combustion in the internal combustion engine.
The proposed methodologies include a filtering method for the in-cylinder pressure, the determination
of the knock onset, and the calculation of the residual gas fraction. Consequently, a smart knock
onset model with high accuracy could be developed using a supervised deep learning that was not
available in the past. Moreover, an improved zero-dimensional (0D) estimation model for the residual
gas fraction was developed to obtain better accuracy for closed system analysis. Finally, based on a
cyclic analysis, a knock prediction model is suggested; the model uses 0D ignition delay correlation
under various experimental conditions including aggressive cam phase shifting by a dual variable
valve timing (VVT) system. Using the proposed analysis method, insight into stochastic knocking
combustion can be obtained, and a faster combustion speed can lead to a higher knock intensity in a
steady-state operation.

Keywords: SI engine; knock; knock prediction; ignition delay; residual gas; knock onset; deep
learning; 1D simulation; variable valve timing

1. Introduction

In a spark-ignited (SI) engine, increasing the compression ratio is one of the most promising
methods to enhance the indicated thermal efficiency (ITE) [1]. To cope with strict global emission
standards, the target compression ratio has been increased in recent production engines along with
the aggressive utilization of harsh-conditioned operations. However, the engine operation in such
conditions is accompanied by increases in the pressure and temperature of the unburned gas region,
which results in autoignition or knock phenomena [2].

Knock is a type of spontaneous ignition that occurs in the unburned end-gas region in the
cylinder [2]. In the SI engine, as the in-cylinder pressure increases due to the combustion, the
temperature of the unburned end-gas ahead of the flame is increased. Hot spots in the end-gas
located in front of the flame are autoignited before the flame arrives and cause a spontaneous heat
release of the end-gas. The pressure wave generated by the hot spot hits the inside wall of the cylinder
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and causes a pinging sound. If the heat release is rapid and large enough, it can cause erosion and
damage such as piston crown melting, ring cranking, head gasket leakage and bore scuffing [3–5].

Knock has to be suppressed, as it provokes engine failure problems and can make the driver
uncomfortable when it is strong [3]. Knock avoidance is generally achieved by utilizing a retarded
ignition timing. However, this normally deteriorates the work extraction and increases the exhaust
loss. Therefore, an enhancement in the ITE can be achieved if the knock can be efficiently suppressed.
As the mitigation of the knock is directly related to an increase in the ITE, there have been countless
studies on knock suppression.

For a deeper understanding of the knock phenomenon, an analysis based on the in-cylinder
pressure is essential. However, the engine knock has a stochastic behavior [6,7]. For instance, the
knock occurrence and timing persistently vary even under steady-state operation, when maintaining
all of the operating parameters. Therefore, a cyclic approach is required to achieve data from the
knocking condition.

First, to precisely designate the in-cylinder pressure value when knock occurs, a method for
knock onset (KO) determination is necessary. The definition of the KO is the timing of the knock
occurrence, and previous research on it is presented in Section 1.1. However, a description of the
detailed logic was excluded to minimize the complexity of the paper, as it is adequately presented in
the cited references. With several attempts, conventional methods could provide reasonable KO values
from combustion data. However, as they were validated in particular operating conditions (mainly
heavy knock conditions), the proper extraction of the KO was not possible in relatively weak knock
conditions. Therefore, to increase the preciseness of the KO determination and simultaneously secure
the universality, a smart KO model using supervised deep learning is presented in this study.

Along with the mitigation of the knock, its control is also an important factor for achieving a
higher ITE in SI engines. Proper control has a great potential for appropriate knock avoidance with a
smaller deterioration of the efficiency, and it may allow the utilization of deflagration to enhance the
ITE thanks to the instantaneous consumption of the unburned air-fuel mixture. In real driving, because
the engine runs in transient conditions, the operating parameters such as the fuel input mass and intake
pressure vary rapidly. Therefore, the control has to rely on the instantaneous data, which has to be
based on an individual cycle analysis with a proper estimation of the in-cylinder pressure. The residual
gas fraction (RGF) has a great influence on the cyclic analysis as it changes not only the in-cylinder gas
properties but also the total trapped mass. Because the RGF value has a great impact on the whole
processes of the closed system such as compression and combustion, it is significantly necessary to
develop a reliable zero-simensional (0D) RGF model for a high-fidelity analysis. Section 1.2 provides
a brief review of previous research on 0D RGF modeling, and an improved modeling of the RGF is
provided in this study. In addition, this paper focuses on technical proposals to analyze the individual
cycle data including a filtering method for in-cylinder pressure profile.

Empirical models for knock prediction have been improved by many researchers to correctly
predict the timing of the knock occurrence. The developed models are described in Section 1.3.
However, due to the uncertainty of the in-cylinder conditions of the closed system, they applied an
average in-cylinder temperature and pressure that were generally obtained by simulation methods.
Although the established models show high accuracy, instantaneously obtained conditions have to
be used to utilize the models for knock control in actual transient operating conditions, as previously
described. Therefore, in this study, the applicability of prediction modeling is also examined based
on an individual cycle analysis. In addition, for universality, it will be verified in a wide range of
experimental conditions including aggressive valve timing changes using a dual variable valve timing
(VVT) system.

This study consists of five sections, including this introduction. Next, literature reviews on KO
models, RGF models and knock prediction models are presented. In the next section, the configurations
for the engine experiment are described. The detailed engine specifications and operating conditions
are listed, and an explanation of the test facility is provided. A discussion of the knock propensity and
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KO follows in Section 3 that shows how the knock occurrence is determined in this study, and a smart
knock onset model with high accuracy is given. In Section 4, detailed methodologies and techniques
for the analysis of the knocking combustion are shown, including an improvement of the 0D RGF
model. After that, a knock prediction modeling based on previous methodologies is described. Finally,
insight into knocking combustion will be presented, based on an established cyclic analysis and knock
prediction model.

1.1. Determination of Knock Onset

The threshold value exceeded (TVE) method is used to determine the KO as the timing at which
a filtered pressure signal value initially exceeds a certain threshold. Worret et al. [8] showed that
the TVE method does not necessarily provide a correct KO. Lee [9] judged the KO as the position
where the constant value (3 CA) was biased from the TVE KO. Shahlari and Ghandhi [10] presented
a signal energy ratio (SER) method that uses integral of squared pressure oscillation (ISPO) values
to compensate for the limitations of the TVE method. In their research, the KO was defined as the
timing at which the SER has the highest value (reached a plateau), a proper window size of 5 CA was
suggested, and various filters were tested for the high fidelity.

Kim [11] discovered that the SER method can possibly determine a KO earlier than the actual
value, so an attempt at modifying the TVE method was made to increase the accuracy. To avoid bias by
the Butterworth high-pass filter, a median and a smoothing filter were sequentially applied for 10 data
points corresponding to 1 CA in 0.1 CA resolution data. A new threshold (µ+5σ) was set as five times
the standard deviation (σ) added to the mean value (µ) from 5 CA before the initially guessed point of
the KO. It was concluded that the KO was reached if the value of the data point exceeds the threshold.

Shahlari et al. [10] developed a new algorithm for determining the KO with very high accuracy
using an iteration method. A linear fitting method was introduced to capture a separation point in the
in-cylinder pressure curve that can be regarded as a sudden increase due to autoignition.

1.2. Zero-Dimensional Residual Gas Fraction Models

Numerous modeling approaches have also been developed to estimate the residual gas
fraction [12–14]. However, the first research on the valve overlap was attempted by Fox et al. [15]. In
this study, an assumption was made that the residual gas was trapped by burned gas in the clearance
volume and back flow of the exhaust gas. A new parameter named the valve overlap factor (OF) was
proposed, and its impact on the RGF value was considered. The OF is expressed in Equation (1), where
D is the valve diameter and L is the valve lift. It denotes the average valve curtain area during valve
overlap. Based on an ideal Otto cycle, the model also considers the manifold pressure, compression
ratio and engine speed:

OF =
DIN

∫ LIN=LEX
θIVO

LINdθ + DEX
∫ θEVC

LIN=LEX
LEXdθ

Vd
(1)

In a recent study, Kale et al. [16] developed an RGF model in the dual cam phasing condition that
distinguishes the valve overlap duration considering the location of the TDC (Top dead center) and
timing with the same intake/exhaust valve curtain area. Although this model has many coefficients
(13) that must be adjusted, it provided relatively accurate results.

1.3. Knock Prediction Models

To predict the timing at which the knock occurs, autoignition prediction models are being used
in many studies. There are mainly three types of prediction model [17]: models using a detailed
chemical kinetic mechanism [18], models using simplified mechanisms such as the shell knock
model [19,20], and phenomenological models based on the Arrhenius equation. Among the various
models, phenomenological models are widely used due to convenience and a fast calculation speed.
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Assuming a one-step reaction mechanism, the autoignition delay time can be described using the
Arrhenius equation. The first attempt at using this method was conducted by Livengood and Wu [21].
Assuming that the reaction is zero-order and the reaction rate does not change, the relationship between
the concentration and autoignition delay can be expressed as Equation (2), where τ is the ignition
delay and (x)/(xc) is the concentration ratio. In their studies, it was found that autoignition occurs
when the RHS of the equation reaches unity:

(x)
(xc)

=
∫ t=te

t=0

1
τ

dt (2)

Zero-dimensional ignition delay correlations are widely used in engine operating conditions due
to their great advantage of fast calculation and applicability for the utilization of the Livengood-Wu
integral method in actual engine conditions. The first and the most recent correlations are listed in
Table 1. Douaud and Eyzat [22] proposed a chemical reaction-based ignition delay time calculation
and calculated the coefficients by experimental studies using primary reference fuels (iso-octane and
n-heptane mixtures). Since the first attempt by Douaud and Eyzat, many studies have used these
correlations [8,11,23–26]. Wayne et al. [27] recalibrated the coefficients, and Pipitone et al. [28] also
recalibrated them under the operating conditions of a gasoline-natural gas mixture combustion by
using an equation excluding the octane number.

Table 1. Zero-dimensional ignition delay correlations.

Reference Formulation Considerations

Douaud and Eyzat [22] τ = 18.69
(

ON
100

)3.4017
p−1.7exp

(
3800

T

)
Octane number

Hoepke et al. [29] τ = 8.449× 10−5
(

P
T

)−1.343(
1− xegr

)−0.8881exp
(

5266
T

) Cooled exhaust gas
recirculation (EGR)

Chen et al. [17]
τ =

5.35× 10−5
(

P
T

)−2.374(
1− xegr

)−3.013
λ−1.927exp

(
3167

T

) Cooled EGR
Air-fuel ratio

McKenzie et al. [30]
τ = 2.71× 10−5

(
P
T

)−1.73
exp
(

5190
T

)
(1− wd)

−0.618,

where wd = xegr + xresidual + 0.95
∣∣∣ λ−1

λ+(A/F)stoi

∣∣∣
Cooled EGR
Residual gas
Air-fuel ratio

Hoepke et al. [29] developed a new form of a knock prediction model including the effects of
cooled- exhaust gas recirculation (EGR) in conditions of boosted operation. As the EGR diluent
increases the frequency of the quenching collisions, an empirical term for the EGR was introduced,
and a molar density term (P/T) was also introduced due to its direct relationship with the chemical
reaction. The proposed model is shown in the table, where xegr is the EGR rate.

Chen [17] et al. introduced a new model based on the Hoepke model containing λ to incorporate
the impact of the air-fuel ratio because it affects not only the pressure and temperature but also the
chemical reactions until the autoignition occurs. The coefficients were calibrated with optimization
using a genetic algorithm and the temperature at the IVC timing was assumed to be the same regardless
of the cyclic variation and was calculated with the one-dimensional (1D) simulation tool, GT-Power.

McKenzie [30] et al. proposed a correlation that can include the impacts of the cooled-EGR,
residual gas fraction and air-fuel ratio for a modern SI engine by introducing an additional term of
the dilution factor. A nice correlation was shown in the speed range of 1250 to 2000 rpm, an EGR
of 0 to 12.5% and a λ of 0.8 to 1.3. The temperature at the IVC was also assumed to be the average
temperature calculated by the 1D simulation.
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2. Experimental Configuration

In this study, a 0.5 L single-cylinder engine based on a 2.0 L four-cylinder engine was used. The
bore and stroke of the engine were 81 and 97 mm, respectively, and the compression ratio was modified
to 11.89 from 12.5 by adjusting the thickness of a shim plate inserted between the crank case and the
cylinder block. The engine was equipped with a dual VVT system; a maximum 50 crank angle (CA)
advance in the intake valve timing and 40 CA retardant in the exhaust valve timing were utilized
from their standard (parking) valve timings. Dual port fuel injection (PFI injectors were installed in
the intake port to target the backsides of the intake valves. The injection pressure was maintained at
3.5 bar, and the start of injection (SOI) was 540 CA before top-dead center (bTDC) for all operating
conditions. The detailed engine specifications are listed in Table 2.

Table 2. Detailed engine specifications.

Type of Engine Single-Cylinder
w/Dual VVT

Displacement (cc) 499.8
Stroke (mm) 97
Bore (mm) 81

Length of connecting rod (mm) 150.9
Compression ratio 11.89

SOI (CA bTDC) 540
Injection pressure (bar) 3.5

EVO 1 68 CA bBDC
EVC 1 1 CA aTDC
IVO 1 10 CA aTDC
IVC 1 67 CA aBDC

Number of valves 4
Maximum valve lift (mm) 10

1 Standard valve timing. aTDC: After top-dead center; bBDC: Before bottom-dead center; aBDC: After bottom-dead
center. EVC: Exhaust valve closing; EVO: Exhaust valve opening; IVC: Intake valve closing; IVO: Intake valve
opening; SOI: Start of injection. VVT: Variable valve timing.

The schematic diagram of the engine testing system is shown in Figure 1. The engine tests were
conducted using a 190 kW AC double-sided dynamometer (AVL, Graz, Austria). A MEXA-110λ
lambda analyzer (Horiba, Kyoto, Japan) was used to monitor the air-fuel ratio during operation to
obtain the stoichiometric condition (λ = 1), and a Horiba MEXA-7100 DEGR exhaust gas analyzer was
used not only to measure the emissions but also to validate the air-fuel ratio from the lambda analyzer.
For the engine control, the VVT modules and the throttle were controlled by an engine control unit
(ECU) equipped with the INCA 7.0 software (ETAS, Stuttgart, Germany). However, due to not only
the insufficient resolution for the ignition timing control and its uncertainty but also for the control
and further data acquisition of the pressure signal and temperatures, a cRIO-9039 platform (National
Instrument, Austin, TX, USA) and a few modules were used with in-house built code using LabVIEW
software (Modules: NI-9758: DRIVVEN based injection and PWM control, NI-9401: sync, ignition
control, NI-9222: pressure signals, NI-9214: temperature). A CA001 Coriolis fuel flow meter (OVAL,
Tokyo, Japan) was employed to obtain an accurate mass flow rate. The frequency output of the pulse
signal was used to minimize the signal loss, and three-minute ensemble-averaged values were used to
achieve higher signal-to-noise ratios. Consequently, less than 0.5% error in the fuel flow measurement
under steady-state operation was achieved.
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Figure 1. Engine test configuration.

To detect the in-cylinder knock phenomena, various methods have been proposed [2,3]. Among
them, knock detection using an in-cylinder pressure transducer is generally considered the most
versatile [31]. Therefore, in this study, the in-cylinder knocking behavior was detected by using an
in-cylinder pressure sensor. The detailed methodology will follow later in the paper. However, it is
important to mount the in-cylinder pressure sensor properly in the combustion chamber to obtain a
fine signal to analyze the knocking combustion. In this study, the pressure sensor was mounted flush
in the cylinder head to minimize the cavity resonance and obtain a higher sensitivity for the pressure
oscillation measurement [32,33]. A 6056A piezoelectric in-cylinder pressure sensor (Kistler, Winterthur,
Switzerland) was used and was positioned biased from the centerline of the cylinder to measure the
pressure oscillation as much as possible. To minimize the complexity of this paper, recommendations
for avoiding noise during the signal acquisition are summarized in Appendix A.

A high sampling rate is required to measure the pressure wave oscillation generated by the
autoignition phenomenon. As a proper resolution of 0.1 CA was determined in previous studies [34,35],
an encoder with 3600 teeth (0.1 CA resolution) was applied in this study. The combustion data was
simultaneously logged with an Indi-module (AVL, Graz, Austria) and the aforementioned NI devices.
An AVL IndiMicro IFEM amplifier was used to amplify the in-cylinder pressure signal, the intake
manifold pressure was measured with a Kistler 4045A2 absolute pressure sensor, and the signal was
amplified by a Kistler 4603 piezo-resistive amplifier. Pressure pegging was conducted at the bottom
dead center (BDC) ± 2 CA during the intake process before combustion. The top dead center (TDC)
was calibrated in the mid-speed range (2500 rpm) and introduced a 0.3 CA heat loss angle at the 30◦C
coolant temperature condition.

The engine experimental conditions are shown in Table 3. The temperatures of the air, oil, fuel and
coolant were fixed to achieve the steady-state operating condition. Various operating conditions
were tested including varying the intake and exhaust valve timings, spark timing, and engine
speed. Although this study is mainly focused on the naturally aspirated condition, the mild-boosted
condition was also tested for the validation of the established model by using an external supercharger.
Stoichiometric conditions were maintained under all conditions. A conventional gasoline fuel was
used, with a 42.825 MJ/kg low heating value (ASTM D 240-14) and a research octane number (RON)
of 91.5 (ASTM D 2699).
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Table 3. Engine experimental conditions.

Engine speed (rpm) 1500 - 2000
Intake pressure (bar) 0.65 – 1.01

Spark timing 27.4 CA bTDC – 4 CA aTDC
Valve overlap (CA) -3 (NVO) – 47 CA

Air-fuel ratio (-) Stoichiometric (λ = 1)
Coolant temperature (◦C) 85 ± 1

Oil inlet pressure (bar) 3.5
Oil temperature (◦C) 75 ± 2

Ambient temperature (◦C) 30 ± 0.5
Fuel inlet temperature (◦C) 35 ± 2

Fuel low heating value (MJ/kg) 42.825
Fuel research octane number (-) 91.5

NVO: Negative valve overlap; CA: Crank angle.

3. Knock Propensity and Onset

3.1. Knock Detection Using an In-Cylinder Pressure Sensor

Although there is still an issue of knock criterion, the autoignition in the unburned gas region was
captured by using an in-cylinder pressure sensor in this study, as the knocking behavior originates from
the autoignition. Many studies have utilized a frequency-based Butterworth filter, but it still presents a
phase-shifting problem, and thus there is still a controversy over when the oscillation characteristics
change; changes in the shape of the combustion chamber, autoignition timing and gas properties
may also change the oscillation characteristics. Therefore, to isolate the pressure oscillation by the
autoignition from the pressure increase by the flame propagation, a filtering method was needed.

Applying typical bandpass filtering cannot avoid the background noise problem [36], thus a
median filtering method was adapted in this study. This method was also used previously in the recent
studies [6,37]. A nine-point median filter was adopted, as shown in Equation (3), and the filtered
signal was obtained by subtracting the median-averaged values from the original signal (Equation
(4)). Figure 2 shows an example of the original signal and high-pass filtered signal of the in-cylinder
pressure during a cycle:

Pmed,n = (Pn−4 + Pn−3 + · · ·+ Pn+3 + Pn+4)/9 (3)

Pf ilt = P− Pmed (4)
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The threshold for the judgement of the knocking cycle can be varied by changes in the
engine material and structure. In addition, there is still a dilemma on which index should be
applied [6]. Knocking indexes based on the in-cylinder pressure have been well described in previous
studies [10,11,38]. To simultaneously achieve the steady-state condition and a large number of cycle
data for a high-fidelity model, a long test duration was essential in this study. Thus, as a slightly low
threshold was required to prevent engine failure, the maximum amplitude of pressure oscillation
(MAPO) TVE method, shown in Equation (5), was introduced to determine the knock occurrence; the
cycle was determined as a knocking cycle if the maximum amplitude of the filtered pressure signal
exceeded the threshold of 0.5 bar. Applying this threshold could detect the autoignition at a lower
intensity than that of a normal acoustic knock. As knock generally occurs near after the TDC during
combustion, the window was set from 30 CA bTDC to 60 CA after top-dead center (aTDC):

Knock :
∣∣∣Pf ilt

∣∣∣60 CA

−30 CA
> 0.5 bar (5)

Knock phenomena accompany cyclic variations and exhibit stochastic behavior [7]. For example,
even if the same ignition timing is maintained, due to the variation of the in-cylinder conditions, there
is considerable cyclic variation in the occurrence timing (knock onset), frequency and intensity. For
that reason, the results of knock research are frequently shown by power density functions (PDFs) or
other probabilistic terms. Accordingly, it is important to decide how to precisely measure and analyze
the knocking phenomena. The knock incidence, shown in equation 6, was introduced in this study to
define the intensity of the knocking behavior. A thousand consecutive cycle data were used to satisfy
the quantitative requirement [35]:

Knock Incidence =
Nknock
Ntotal

× 100 [%] (6)

3.2. Smart Knock Onset Model

Two individual cycles are shown in Figure 3 as examples; Figure 3a shows a relatively
heavy-knocking cycle (MAPO > 2 bar), and Figure 3b shows a weak knock cycle. Considering
that the autoignition in the unburned gas region can be represented as a sudden increase in the
in-cylinder pressure, the KOs are indicated with black circles in both figures. If a simple TVE method
is applied to determine the KO, discrepancies exist in the pressure values between the actual KO and
TVE KO, as is easily observed in the figures, and the error is even comparably larger in the weak knock
cycle. Noting that these cycles are not extreme cases, as they were randomly chosen, the determination
of the KO is a critical aspect of the knock analysis because even a small error in the KO can lead to a
misunderstanding of the combustion.
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3.2. Smart knock onset model 

Two individual cycles are shown in Figure 3 as examples; Figure 3a shows a relatively heavy-

knocking cycle (MAPO > 2 bar), and Figure 3b shows a weak knock cycle. Considering that the 

autoignition in the unburned gas region can be represented as a sudden increase in the in-cylinder 

pressure, the KOs are indicated with black circles in both figures. If a simple TVE method is applied 

to determine the KO, discrepancies exist in the pressure values between the actual KO and TVE KO, 

as is easily observed in the figures, and the error is even comparably larger in the weak knock cycle. 

Noting that these cycles are not extreme cases, as they were randomly chosen, the determination of 

the KO is a critical aspect of the knock analysis because even a small error in the KO can lead to a 

misunderstanding of the combustion. 
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condition. KO: Knock-onset; TVE: Threshold value exceeded. 

Figure 3. Error in determination of KO by TVE method: (a) heavy knock condition; (b) weak knock
condition. KO: Knock-onset; TVE: Threshold value exceeded.
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Deep learning is a computational system that consists of stacking several artificial neural networks
(ANNs) deeply [39,40]. It is classified into several classes according to its learning style: supervised
learning, unsupervised learning and reinforcement learning. Above all, supervised learning utilizes
the relationship between given input and output data sets. Supervised learning generally consists of
a classification model and regression model. The former investigates the specific criteria for given
input data and classifies them. The model requires a refined output data expressed in discontinuous
mathematical form. The latter finds the mathematical relationship between the input and consecutive
output. In this study, since the KO data are consecutive, a regression model was applied.

Figure 4 shows a conceptual diagram of the learning applied in this study. The final objective of
the modeling is to provide the precise KO, and thus the KO values were utilized as the output data
while the raw in-cylinder pressure data were utilized as the input data. To secure the universality of
the model for overall operating conditions, raw pressure was used. However, the level of pressure
trajectory varies significantly by the changes in operating condition such as load and ignition timing,
thus input was first normalized by the maximum pressure of the cycle. In addition, input data was
applied in a crank-angle domain to neglect the effect of engine speed.
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Figure 4. Structure of deep learning and its input and output.

A parametric study was conducted to achieve the most precise model by varying three variables:
the hidden layers, learning rate and epoch number. The hidden layers and weights are the relationship
between the input and output that takes the form of a matrix. In general, weights are randomly
established in the initial stage, but the number and the form of each hidden layer can be varied by
the requirement. The learning rate changes the adjustment rate of the hidden layer, and the epoch
number means the total number of learning. The learning should be done with an optimized learning
rate, number and forms of hidden layers and epoch number. If the learning is done with unoptimized
values, overfitting may occur, where the model fits only the given data. On the other hand, underfitting
may also occur, where the model cannot give a susceptible prediction of any data.

During the parametric study, the number of hidden layers was varied from four to eight, the
epoch number was tested between 1× 104 to 6× 104, and the learning rate was changed from 1× 10−4

to 3 × 10−4. A total of 90 model structures were tested. The objective function for the minimization
was the root mean squared error (RMSE) (shown in Equation (7)) between the modeled KO and
actual KO achieved by the mouse-clicking method. Mouse-clicking KO data was manually achieved
observing the sudden pressure increase in cycle-by-cycle pressure trace. 3,500 data sets were utilized
for the supervised learning based on the aforementioned mouse-clicked KO data, and the model was
validated with an additional 1179 cycle data sets to validate the model’s accuracy:

RMSE =

√
1
n
∗∑

(
KOmodel − KOmouse−clicking

)2
(7)



Energies 2019, 12, 844 10 of 25

Figure 5 shows the result of the parametric optimization. A smaller RMSE value represents a
higher model accuracy. To confirm that the models were not over/under fitted, every model was also
verified by using the test data set. The best model was achieved in the condition where the number
of hidden layers was five, the epoch number was 6 × 104 and the learning rate was 3 × 10−4. The
best model was chosen as the smart KO model, and the model was extracted using Keras accessing
TensorFlow. Finally, the model was applied as built-in code in MATLAB post-processing and utilized.
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As previously described, the test was conducted under various conditions including the sweep
of the spark timing and the variation of the valve timings; the knock incidence was changed up to
70% as a result of the input variation during the steady-state operating condition. A total of 12,541
cycles were determined as knocking cycles from the original 30k cycles. The actual KO values of the
knocking cycles were conducted by mouse-clicking.

Figure 6 shows the results of various determination methods for KO. The x-axis indicates the
actual KO by the mouse-clicking method, and the y-axis indicates the KO from the determination
method. Figure 6a shows the result using the aforementioned TVE method. It is easily noted that a
large bias exists. From below, the previous research on the KO determination is described, and a novel
method will be proposed, which is one of the main contributions of this study.

Kim’s method [11], shown in Figure 6b, showed an improved result on KO determination but in
the same time, a deteriorated performance was observed with a massive loss of cycle data due to the
calculation error; the proposed threshold value was immoderately high in the weak knock condition.
Shahlari’s method [10], shown in Figure 6c, provided a more accurate determination than the others’;
the RMSE was decreased. However, as a cycle was excluded if it did not meet any condition during
the calculation, the larger data (over 40% of total cycle number) was lost.

Figure 6d shows the result of the developed smart knock onset model. An improved correlation
in the KO determination was achieved using the developed model as noted by the lowest RMSE value
(0.745 CA) being obtained. A remarkable achievement of this model is that no cycle loss was found
during the analysis. Moreover, due to the simplicity of the model, the calculation speed was faster
compared to that of the previous methods described above.



Energies 2019, 12, 844 11 of 25
Energies 2019, 12, 844 11 of 25 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Various methods for KO determination: (a) TVE; (b) Kim; (c) Shahlari; (d) Smart KO model 

4. Cycle Analysis for Knocking Combustion 

As previously discussed, an analysis of the individual cycle is required in knocking combustion. 

In this section, methodologies and techniques are proposed. 

4.1. Signal Processing of In-Cylinder Pressure 

Due to the sensitivity problem of in-cylinder pressure transducers, a large error can be made in 

the low-pressure region when analyzing an individual cycle. Therefore, a filtering method is required, 

especially for the intake period and exhaust period, as the values in the gas exchange process are 

broadly used to specify the state. However, a general filter such as Butterworth cannot be used due 

to the large phase-shifting problem, and a zero-phase filter is not adaptable either because there is no 

certain frequency. 

Figure 7a shows the in-cylinder pressure trace near the intake valve closing (IVC) timing of an 

individual cycle. The black line indicates the unfiltered raw signal and shows an uneven behavior 

due to the aforementioned sensitivity issue. Even if a median filter (blue line) was applied, which is 

what many researchers have used, it still shows a picky trace. In the low-pressure region, the impact 

of this uneven trace is undoubtedly large due to the originally small value. In the example of figure 

7a, an almost 9% error was obtained in the pressure at the IVC timing, which corresponds to an 

approximately 30 K error in the temperature. 
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4. Cycle Analysis for Knocking Combustion

As previously discussed, an analysis of the individual cycle is required in knocking combustion.
In this section, methodologies and techniques are proposed.

4.1. Signal Processing of In-Cylinder Pressure

Due to the sensitivity problem of in-cylinder pressure transducers, a large error can be made in
the low-pressure region when analyzing an individual cycle. Therefore, a filtering method is required,
especially for the intake period and exhaust period, as the values in the gas exchange process are
broadly used to specify the state. However, a general filter such as Butterworth cannot be used due to
the large phase-shifting problem, and a zero-phase filter is not adaptable either because there is no
certain frequency.

Figure 7a shows the in-cylinder pressure trace near the intake valve closing (IVC) timing of an
individual cycle. The black line indicates the unfiltered raw signal and shows an uneven behavior
due to the aforementioned sensitivity issue. Even if a median filter (blue line) was applied, which
is what many researchers have used, it still shows a picky trace. In the low-pressure region, the
impact of this uneven trace is undoubtedly large due to the originally small value. In the example of
Figure 7a, an almost 9% error was obtained in the pressure at the IVC timing, which corresponds to an
approximately 30 K error in the temperature.
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filtering; (b) Overall shape of the pressure signal with newly applied filter.

The reliable determination of the IVC pressure is one of the most important factors for the
combustion analysis, as it is significantly influential to the whole process including compression and
combustion, regardless of the analysis method. Therefore, a smooth filtering method was applied
for the low-pressure region in this study. A 3rd-order and 151 frame-length Savitzky-Golay [41]
smoothing filter was applied upon the median filter. The filtered signal is indicated with red lines in
both Figure 7a,b, and it shows an improved performance in chasing the original signal.

On the other hand, when there is a knocking combustion, an error can exist during the heat
release analysis because of the picky in-cylinder pressure trace. However, the previous smoothing
technique causes an error in the high-pressure region and generally gives a lower pressure value. In
addition, the in-cylinder pressure transducer is already capable of providing relatively reliable values
in the high-pressure region. Thus, the combustion pressure signal was processed by using zero-phase
filtering based on low-pass filter using the Kaiser window: 4 kHz of passband frequency, 5 kHz of
stopband frequency, 1 dB of passband ripple and 65 dB of stopband attenuation. Zero-phase trimming
was conducted using MATLAB ‘filtfilt’ function using specified design. Figure 8a shows the results:
the defect of the smoothing method (red line) in the high-pressure region and the application of the
zero-phase filter (blue line).Energies 2019, 12, 844 13 of 25 

 

 
(a) 

 
(b) 

Figure 8. Post-processing of in-cylinder pressure signal: (a) zero-phase filtering in high-pressure 

region; (b) signal merging 

4.2. Residual Gas Fraction 

Generally, combustion analysis begins with the ideal gas flow while the pressure and volume 

are given. Therefore, the total trapped mass or temperature is required for the characterization of the 

closed system state. The total trapped mass can be widely varied by changes in the operating 

conditions such as the valve overlap, ignition timing and throttle angle. The amounts of fuel and air 

can be easily obtained by measurement or relatively accurate models. Also for knocking studies, the 

ignition delay is one of the key parameters, and this is also influenced greatly by the temperature 

variation during the calculation. 

4.2.1. One-Dimensional Simulation 

In this study, an approach for the estimation of total trapped mass using a 0D residual gas 

fraction (RGF) model was studied. The engine was equipped with a dual VVT system, and thus a 

correct estimation was required. As it is not easy to measure the RGF accurately in massive operating 

conditions, a 1D simulation was adopted using the GT-POWER v2016 software to establish the 0D 

RGF model. 

First, the 1D engine model was validated and optimized under motoring conditions. This 

process is very important since the RGF is mainly determined by the pressure gradients during the 

gas exchange process. The shapes of the air paths were optimized to considerably imitate the in-

cylinder and intake manifold pressures. Figure 9 shows the matching result with the experimental 

data. A reliable model was achieved by validation under changes in the valve timings, engine speed, 

intake pressure and even hot/cold wall temperatures. Nevertheless, to minimize the complexity of 

this paper, a part of the results is shown in the figure. The simulation of the pressure oscillation in 

the intake manifold, which is one of the main targets in this procedure, was also well achieved. 

 

Figure 8. Post-processing of in-cylinder pressure signal: (a) zero-phase filtering in high-pressure region;
(b) signal merging.



Energies 2019, 12, 844 13 of 25

Thereby, two filtered signals were obtained: a smoothed pressure trace in the low-pressure region,
as shown in Figure 7, and a zero-phase filtered pressure trace in the high-pressure region, as shown in
Figure 8a. These two signals were then combined into one signal by calculating the internal division
point with weight factors. This process was conducted using a hundred samples after the cylinder
pressure exceeds 5 bar, where the error by the sensor is less than 0.5%. The weight was given from
a hundred to zero for the smoothed signal and from zero to a hundred for the zero-phase filtered
signal. An example of a merged signal is shown in Figure 8b. It is easily recognized that the merged
trace (black line) follows the smoothed pressure in the low-pressure region and begins to follow the
zero-phase filtered pressure in the higher-pressure region.

4.2. Residual Gas Fraction

Generally, combustion analysis begins with the ideal gas flow while the pressure and volume
are given. Therefore, the total trapped mass or temperature is required for the characterization of
the closed system state. The total trapped mass can be widely varied by changes in the operating
conditions such as the valve overlap, ignition timing and throttle angle. The amounts of fuel and air
can be easily obtained by measurement or relatively accurate models. Also for knocking studies, the
ignition delay is one of the key parameters, and this is also influenced greatly by the temperature
variation during the calculation.

4.2.1. One-Dimensional Simulation

In this study, an approach for the estimation of total trapped mass using a 0D residual gas
fraction (RGF) model was studied. The engine was equipped with a dual VVT system, and thus a
correct estimation was required. As it is not easy to measure the RGF accurately in massive operating
conditions, a 1D simulation was adopted using the GT-POWER v2016 software to establish the 0D
RGF model.

First, the 1D engine model was validated and optimized under motoring conditions. This process
is very important since the RGF is mainly determined by the pressure gradients during the gas
exchange process. The shapes of the air paths were optimized to considerably imitate the in-cylinder
and intake manifold pressures. Figure 9 shows the matching result with the experimental data. A
reliable model was achieved by validation under changes in the valve timings, engine speed, intake
pressure and even hot/cold wall temperatures. Nevertheless, to minimize the complexity of this paper,
a part of the results is shown in the figure. The simulation of the pressure oscillation in the intake
manifold, which is one of the main targets in this procedure, was also well achieved.

After the flow characteristics were well reproduced, data matching was also conducted under
firing conditions. The purpose of this procedure was to achieve the multiplier coefficients in
conventional models related to the combustion process. The ‘SITurb’ combustion model was used for
combustion and the ‘Woschni’ model was chosen for heat transfer in this study. The optimization was
conducted based on the data of 14 experimental cases using the ‘Advanced Direct Optimizer’ in the
software. The cases were chosen to include variations in the intake pressure, valve timings, engine
speed and spark timings. The objective function of the optimization was set as the SSE (sum of squared
errors) between the pressures obtained by simulation and experiment, and the window was set from
25 CA bTDC to 60 CA aTDC.
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fully retarded.

The optimized results are shown in Figure 10, and the parameters (multipliers) are listed in Table 4.
The optimized models, SITurb (combustion) and Woschni (heat transfer), showed agreeable matching
results with the experimental data. However, the multipliers obtained in this study are not universal,
as they were only validated using the engine used in this study. In addition, there is an issue with the
precision of the models [42]. Nonetheless, well-matched pressure profiles were achieved, so this point
is beyond the scope of this study.Energies 2019, 12, 844 15 of 25 
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Table 4. Multipliers for optimization.

Model Multiplier Optimized Value

Combustion (SITurb)
Flame Kernel Growth 1.167

Turbulent Flame Speed 0.690
Taylor Length Scale 0.703

Heat transfer (Woschni) - 0.7

After the optimized engine model was achieved with validation under both motoring and firing
conditions, a large quantity of validation data (a total of 1,200 cases) was collected using the DoE
(design of experiment) process by changing the sweep parameters, as shown in Table 5.

Table 5. Sweep parameters and ranges of the Dessign of Experiment (DoE) process.

Sweep Parameter Range

Engine speed (rpm) 1500–3000
Spark timing (CA bTDC) 28–0

Intake pressure (bar) 0.2–1
Intake valve timing 0–40 adv.

Exhaust valve timing 0–30 rtd.

Total 1200 cases

In summary, for precise simulation, the flow characteristics and combustion behaviors were
comprehensively matched using an optimization process based on experimental data. Sequentially,
the DoE process was conducted to provide the back data to improve the 0D RGF model.

4.2.2. Improved RGF Model

Figure 11a,b show the results of the 0D RGF models proposed by Fox et al. [15] and Kale et al. [16],
respectively. As previously described, validation data was provided by a 1D simulation. Genetic
algorithm was used for the optimization (re-calibration) of the coefficients of each model. In the
figures, the x-axis indicates the RGF values from the 1D simulation results, and the y-axis indicates
the calculated values of the 0D RGF model. Kale’s model shows acceptable accuracy, while Fox’s
model shows poorer accuracy. However, there were underestimated and overestimated data points,
as can easily be observed in Figure 11b. Detailed explanations of the two models are provided in the
references and thus skipped in this paper.
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An attempt was made to improve the accuracy of the conventional RGF model in this study. As
previously shown, Kale’s model showed great potential. However, due to the empirical and simplified
form of the model, it occasionally gave negative RGF values under conditions with high volumetric
efficiency. In addition, it was found that the sensitivity of the volumetric efficiency was undervalued.
Therefore, an adjustment was made to change the impact of the volumetric efficiency from linear to
exponential. The changed expressions of the OF are as follows:

OFs.IVC = a·OFC, IN + b·OFC, EX + ηv
c + d (8)

OFns.IVC = e·(OFC.IN −OFC.EX) + ηv
f (9)

Figure 11c shows the result of the improved RGF model. The R-squared value was increased to
0.883, while it was 0.289 in Fox’s model and 0.763 in Kale’s model. With a further consideration of
the volumetric efficiency, the data points located above and below the identity line have been moved.
However, an inexactitude was observed, especially in the low-RGF region, and the model still requires
many tuning coefficients. Therefore, further study is still required.

4.3. Characterization of IVC State

During the experiment, the in-cylinder pressure is given by measurement, and the volume can
be simply calculated from the geometry. Assuming that there is no blow-by, the state of the IVC can
be determined by the ideal gas law. In the experimental test environment, the air input mass can be
obtained by considering the air-fuel ratio (or lambda) or by direct measurement. However, as was
previously discussed, the proportion of residual gas is important not only for the characterization of
the state of the closed system but also for the gas property inside the chamber. Based on the previously
achieved RGF model and using the error-minimized pressure curve, the temperature at the IVC can be
obtained as Equation (10) below:

TIVC =
PIVCVIVC(

n f uel + nair + nresidual

)
R

(10)

4.4. Unburned Gas Temperature

For the further understanding of the knock phenomena, the condition of the unburned gas has
to be investigated because knock occurs in the unburned end-gas region during the combustion
process. Several parameters are required: the pressure, temperature, and mixture properties such
as composition. Under test conditions, the pressure is easily obtained using an in-cylinder pressure
transducer and data acquisition system. In addition, since the pressure wave travels at sonic speed,
it is reasonable to assume that the pressure of the unburned gas region is the same as the measured
in-cylinder pressure. However, it is not simple to measure the in-cylinder temperature due to the harsh
in-cylinder conditions. Therefore, estimations by modeling are commonly used. In this section, a 0D
analysis approach with experimental data is interpreted.

During the combustion process, because the flame is initiated by the spark plug in the
spark-ignited engine, the gas mixture is divided into two zones: burned and unburned. While the
pressure is the same for both zones, the temperature and mixture properties are apparently different.
Therefore, a two-zone based approach is needed. There are two general approaches to the calculation
of the unburned gas temperature: bulk and core [43]. The estimation method of the heat transfer
amount has an impact on the calculation approach of the bulk temperature of the unburned gas.

The conventional two-zone approach [1,43–45] is that considering that the crevice effect can be
neglected, mass and energy conservation and the perfect ideal gas law are applied to both burned and
unburned zones. A calculation method by Catania et al. [44] for the unburned temperature is shown
in Equation (11), where Tu is the temperature of the bulk unburned end-gas, P is the pressure, which is
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obtained by measurement, cp,u is the specific heat at constant pressure, m is the trapped total mass,
Rs,u is specific ideal gas constant and qu is the heat transfer rate of unburned gas to the wall:

− qu Audt = (1− xb)m(cp,udTu − Rs,uTu
dP
P
) (11)

Considering that the heat transfer is zero, an expression for core gas temperature can be obtained
as Equation (12). By assuming that heat transfer occurs between the thermal boundary layer and walls
in the unburned gas region, the core gas of the unburned mixture can be considered to be adiabatically
compressed by the pressure, and the obtained pressure value is already decreased by the actual heat
transfer. Autoignition can be thought to possibly occur in the core gas, where the highest temperature
exists in the unburned end gas:

T = TIVC

(
P

PIVC

)1− 1
γ

(12)

Calculation was conducted from IVC to exhaust valve opening (EVO). Cantera 2.4.0 [46] with
the detailed PRF mechanism of Lawrence Livermore National Laboratory (LLNL) was used for the
calculation of the gas properties at every state. The surrogate fuel was simply set to have an RON of
91.5 since the gas property is not sensitive to the variation of the fuel due to its low molar fraction.
The initial gas composition was defined as a mixture of fuel, intake air and residual gas. For the
composition of the residual gas, the emission test result was used.

For the precise calculation of the specific heat and temperature, an iteration method was adopted.
The initial unburned gas temperature was assumed to be the same as that of the IVC, and the
single-zone based gamma from the previous section was used for the first iteration. The temperature
and specific heat value were calculated, and the iteration stopped when the RMSE of the specific heat
ratio value was under 1× 10−4 between the nth and n−1th iterations from IVC to EVO. It was observed
that fewer than five iterations were normally sufficient.

5. Knock Prediction Model

One of the main purposes of this study is to predict knock occurrence. Because an instantaneous
cycle analysis was established, proper assumptions and the estimation of the in-cylinder pressure will
facilitate an on-board knock control in the transient condition. In this study, as the 0D RGF model has
been improved, the calculation of the gas composition was facilitated. In terms of the chemical reaction
rate shown in Equation (13), where [Fuel] and [O2] are the molar fractions of the fuel and oxygen
respectively, a simplified correlation of the ignition delay can be obtained as Equation (14) [47,48],
neglecting the NTC (negative temperature coefficient) behavior. This correlation of the 0D ignition
delay is physically based on a simplified chemical mechanism, and thus the actual behavior is different.
However, following the main purpose of this study, the feasibility of the knock prediction was tested
based on an instantaneous cycle analysis:

r = A[Fuel]m[O2]
nexp

(
− Ea

RT

)
(13)

τ = C1

(
P
T

)−C2

[Fuel]−C3 [O2]
−C4 exp

(
C5

T

)
(14)

Using previously interpreted methods, the individual knocking cycles were analyzed in a wide
range of experimental conditions including changes in the intake pressure, valve timing and engine
speed. The genetic algorithm was applied for the optimization, adjusting the five coefficients to
minimize the RMSE between the 0D model-predicted KO and experimental KO (obtained using the
aforementioned smart KO model). The multiplier for crossover was 0.7, for mutation was 0.3 and the
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generation limit was set to 25. Usually, the minimum objective function was achieved before the 20th

generation during the optimization. As a result, Equation (15) was achieved:

τ = 5.745× 10−8
(

P
T

)−1.966

[Fuel]−0.548[O2]
−0.415exp

(
7094

T

)
(15)

Figure 12 shows the validation result of the prediction model in 16,454 knocking cycles. Total 21
experimental cases (63,000 cycles) were tested with 3,000 cycles in each, in a wide range of experimental
conditions, as shown on the right side in the figure. The x-axis indicates the KO evaluated from the
smart knock onset model, and the y-axis indicates the predicted KO by the 0D ignition delay and
Livengood-Wu integral.
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Figure 12. Knock prediction model with individual cycle data.

A satisfactory correlation (RMSE = 1.28) was achieved in spite of not using average values in
an engine equipped with dual phasing camshafts. Studies on knock prediction models rely on the
calculation starting from the average in-cylinder condition of the IVC timing. Usually, this initial
condition is obtained using 1D simulation, or, even if the study utilized the instantaneous value,
the model was not universal under all conditions. The achievement of this study is not only the
establishment of a knock prediction model but also its availability for the utilization of an individual
cycle analysis. This implies that there is a sufficient possibility of a reliable model for knock prediction
in the transient condition. It is expected that pressure value predicted by the manifold absolute
pressure sensor can be used for actual engine application.

Figure 13 depicts the results by the different methodologies. The predicted model based on
the normal cycle analysis is shown in Figure 13a, and the result based on the aforementioned cyclic
analysis is shown in Figure 13b. For the calculation of the case in Figure 13a, no filter was applied to
the in-cylinder pressure, and the specific heat ratio was fixed to 1.32. However, the smart KO model
was still utilized in this case. For clarity, only a few cases with a large valve overlap cases are plotted in
both figures. A better correlation was apparently achieved by using the analysis method in this paper.
This is mainly attributed to the improved characterization of the IVC timing.
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Figure 13. Results of knock prediction modeling: (a) methodology not applied; (b) methodology applied.

Figure 14a shows the result of a previous knock prediction model that was newly calibrated
using experimental data and the analysis method of this study. It shows a nice correlation, but due
to the impact of the residual gas fraction, cases with a small valve overlap (plotted with red dots)
showed slightly biased behaviors. The calibration process also includes extreme cases with a negative
valve overlap and large valve overlap; the coefficient of the ignition delay correlation could not fully
include the small valve overlap condition. On the other hand, in the developed model, as the RGF
was reasonably predicted and included during the gas temperature calculation, the impacts of the
valve timing and overlap were sufficiently reflected with the suggested correlation. The KOs in the
positive valve overlap cases are located on the left bottom corner of both figures where the region of
the KO is advanced. This is mainly attributed to the impact of the hot residual gas, which deteriorates
the knock resistance. Therefore, an NVO strategy was applied in the high-load condition utilizing a
retarded ignition timing. A better performance was achieved, shown as a lower RMSE (1.42→ 1.28) in
the figures.
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6. An Insight into the Knock Intensity

6.1. Experimental Result

Figure 15 shows a result of an individual cycle analysis. The engine speed was 1500 rpm, the
intake pressure was 0.95 bar, the spark timing was 11.5 CA bTDC and the load was 7.47 bar of IMEP.
A total of 10k consecutive cycles were analyzed in this operating condition. Considering that the
intensity of autoignition can be represented with the MAPO value in a cycle, cycles with over 1 bar of
MAPO are indicated with red dots, and cycles with under 0.5 bar MAPO are indicated with black dots
in the figures. Nevertheless, there are various methods for the intensity calculation [38].
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and unburned gas temperature. MFB: mass fraction burned.

Figure 15a shows the in-cylinder pressure at the KO as a function of the burn duration. A clear
negative linearity between the two parameters was observed. When the burn duration is short, it can
reach a higher pressure earlier than a slow burn cycle at the same time, which results in a shorter
ignition delay until the KO. Slow burn cycles need a longer ignition delay time, and therefore a lower
pressure was obtained at the KO. An interesting thing was discovered that the overall MAPO is
higher with a faster combustion speed; the red-dotted cluster is located at the upper left side of the
black-dotted data points. This implies that a shorter burn duration led to a higher knock intensity. This
classification was facilitated by using the previously described individual cycle analysis.

Figure 15b displays the relationship between in-cylinder pressure at the KO and mass fraction
burned (MFB). In the figure, a lower MFB value was observed at a higher MAPO considering that
the red cluster is located at the upper left region compared to the black points. This indicates that
the larger mass of unburned gas provoked a stronger autoignition that developed into the knock.
Additionally, it is shown that the in-cylinder pressure was higher when there is a larger unburned gas
fraction (smaller MFB).

Figure 15c shows the pressure and temperature at the KO. A higher knock intensity was generally
achieved with a higher pressure and temperature. As the knock intensity is mainly attributed to the
pressure and the temperature gradient in the hot spot [7], the relationship between the MAPO and
temperature gradient was investigated and not apparently observed due to its stochastic behavior,
while it was assumed that the temperature gradient was generally proportional to the difference
between the core and bulk gas temperatures. However, there was a relationship between the knock
intensity and the amount of unburned gas. Therefore, it is thought that the higher pressure at the KO
is a result of fast combustion which shortens the ignition delay, leading to a lower MFB at the KO, and
this results in a higher knock intensity.
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6.2. Model-Based Approach

As a reliable correlation of the 0D ignition delay was achieved previously, a model-based approach
was attempted to understand this phenomenon. In Figure 16, actual MFB curves of the total cycle
data are indicated as gray lines, and the cyclic variation can be easily noted. Using this MFB curve,
the autoignition timings are plotted with dots. In the same manner as in the previous result, the KO
results are plotted with two colors according to the measured MAPO values.
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Two things should be noted from the result. First, as the measurement data contains the stochastic
behavior of the knock phenomena, there are fast burn cycles with a zero knock intensity, and the
opposite exists as well, slow burn cycles with a high MAPO value. Following the autoignition timing
by using the previous empirical correlation, the autoignition timings are still shown in the slow burn
cycles in the figure because the Livengood-Wu correlation only gives the ignition timing. However,
as it is shown in Figure 15b that little autoignition occurred after MFB80, it can be considered that it
cannot develop into knock.

Second, it is shown that a faster combustion leads to a higher knock intensity by increasing
the unburned mass fraction at the KO, under steady-state operating condition. Faster combustion
has been an efficient method to mitigate the knocking combustion to date, but it was shown that
increasing the combustion speed might be helpful to mitigate the occurrence of knock (incidence),
whereas there was a possibility of an increase in the knock intensity. This behavior is mainly attributed
to the interaction between the in-cylinder condition and air-fuel mixture that determines the ignition
delay. This elucidates that in fast combustion, the decrease in ignition delay followed by pressure
increase is more sensitive than the decrease of the unburned gas amount, so this implies that designing
combustion speed is required for higher knock resistance.

7. Conclusions

The present work introduces a systematic methodology to analyze the in-cylinder pressure in
individual cycled knocking combustion with several improvements for higher accuracy. The objective
of the proposed methodology relies on not only providing a high-quality combustion analysis but also
facilitating a model-based knock control under transient conditions in the future. For this objective,
several attempts were made.

Because the correct determination of the knock onset is significantly important for individual
cycle analysis, a smart knock onset model was developed using a supervised deep learning method.
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To obtain the best model for applicability, a parametric optimization was conducted by varying the
number of hidden layers, epoch number and learning rate. As a result, the highest accuracy was
achieved compared to other models, and no cycle loss was found during the analysis.

As conventional filters cannot be utilized due to the limitations of the pressure transducer and
signal distortion problem, proper filtering methods were proposed in each of the low-pressure region
(3rd-order, 151 frame-length Savitzky-Golay smoothing) and high-pressure region (zero-phase filtering
with Kaiser window). In addition, a merging skill adopting weighting factors was introduced.

To characterize the initial state of the closed system, the estimation of the total trapped mass is
also important. Thus, a 0D RGF model was enhanced from a previous model (Kale’s). The result
was validated in big data based on a sophisticated 1D simulation model, and it showed an improved
correlation (R2 = 0.883). Consequently, reasonable estimation could be made for the state at the IVC
timing with a further consideration of the volumetric efficiency.

A knock prediction model with a satisfactory correlation (RMSE of 1.28 of in 16,454 cycles) was
achieved by simply assuming a constant-speed chemical reaction under various operating conditions
including aggressive changes in the cam timings using a dual VVT system. It showed a feasibility of
utilizing the individual cycle data, which may allow on-board knock control in a transient condition in
the future, which is the author’s future study.

Using the proposed methodologies for the analysis, it was shown that a faster combustion cycle
had a possibility of a higher knock intensity in a steady-state operating condition, because the amount
of unburned mass is larger in spite of the reduced combustion duration.
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Abbreviations

0D Zero-dimensional
1D One-dimensional
AHRR Accumulated heat release rate
ANN Artificial neural network
aTDC After top dead left
BDC Bottom dead left
bTDC Before top dead left
CA Crank angle
DoE Design of experiment
ECU Engine control unit
EOC End of combustion
EVC Exhaust valve closing
EVO Exhaust valve opening
ISPO Integral of squared pressure oscillation
ITE Indicated thermal efficiency
IVC Intake valve closing
IVO Intake valve opening
MAPO Maximum amplitude of pressure oscillation
MFB Mass fraction burned
NTC Negative temperature coefficient
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NVO Negative valve overlap
ODE Ordinary differential equation
OF Overlap factor
PDF Probability density function
PFI Port fuel injection
RMSE Root mean squared error
RON Research octane number
SER Signal energy ratio
SOI Start of injection
SSE Sum of squared error
TDC Top dead left
TVE Threshold value exceeded
VVT Variable valve timing

Appendix A

When using an in-cylinder pressure sensor, incorrect measurements may happen during the test due to an
unexpected signal noise problem. Combustion analyzing equipment and data loggers are generally equipped
with approximately 100 kHz high-pass filters, but severe distortion of the signal may still exist if the frequency of
the noise is less than that of the filter or if a different acquisition system is used for a special purpose. In addition,
an aggressive filter for noise reduction also causes a change in the original signal such as phase shifting, which
can result in a large error during the analysis. Therefore, it is significantly important to obtain a clean in-cylinder
pressure signal during the experiment. Recommendations for the acquisition of the fine signal, which might be
helpful for the readers, are listed below:

• Assured earth grounding for all equipment is required.
• Qualitative wires with shields or groundings are necessary.
• The sensor should be located far away from high-voltage, high-current components such as ignition coils,

injectors and high-pressure fuel pumps. The sensor wires should also be isolated from the components.
• Use a stable power source such as linear power. Switching mode power supply (SMPS) is not recommended:

the switching frequency causes noise and signal superposition.
• The installation of a line reactor is recommended if there is a high-capacity motor or pump. Noise can be

generated by the phase shifting of the inverter depending on the method of grounding and setup. The
application of an active harmonic filter is also a favorable option but costly.
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