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Abstract

A Study on 0-D Knock Prediction Model
in a Spark-ignited Engine

Chiheon Song

Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

Though the efficiency improvements of gasoline engines have been
continually studied, the recent surge in fuel efficiency and emissions regulations
has made the need for greater effort on efficiency improvement than ever before.
Therefore, various methods have been proposed to improve the efficiency of
gasoline engines, and among them, the increase in compression ratio has been
known to be effective in improving fuel efficiency. However, the higher
compression ratio increases the initial temperature of the mixture, which is led to
in-cylinder condition which auto-ignition is likely to occur.

If auto-ignition occurs in the form of an explosion, a stiff heat release occurs
and forms a pressure wave inside the cylinder, causing noise and engine damage.
This is called a knock and must be avoided to prevent engine damage. Therefore,
various control algorithms have been proposed to avoid knock as well as
researches to mitigate knock.

Knocking control algorithms in conventional mass-produced vehicles rely on
knock sensors. Because it is preceded by detection of knock from sensors, knock
cannot be completely avoided. In addition, the control parameters change rapidly



to avoid convolutions in case of knock, which not only deteriorates the driving
convenience but also decreases fuel efficiency In order to improve this point,
progressive control methods are being developed.

The knock phenomenon is influenced by factors such as gas flow, heat
transfer and combustion characteristics in the engine, so that it shows random
characteristics. Therefore, in order to avoid the knocking conservatively, the
conventional control slowly returns the operating parameters to the optimum
condition after knocking avoidance. This maintains the operating conditions at
lower efficiency points, so additional efficiency improvement is expected in high
load condition if the control algorithm is improved.

As one of the solutions, an advanced control with knock prediction can be
suggested. In this case, not only is it able to avoid knock, but also by determining
control factors prior to knock occurrence, it is also possible to avoid efficiency
deterioration due to excessive change in control parameters.

In this study, modeling of knock prediction was done as a base study for
model based control. In the model, only operating parameters and measured
values obtainable from the mass production engine were used, considering the
application to actual driving conditions. Firstly, the in-cylinder pressure prediction
modeling was done with three steps; determination of the initial conditions inside
the cylinder, pressure prediction during the compression, and combustion pressure
prediction using the burn rate. Additionally, with consideration on variation of
Wiebe function, the cyclic variation model was constructed.

Secondly, the temperature of the unburned gas was calculated using the
predicted pressure. With those value, the ignition delay was calculated. Since the
ignition delay only determines the onset of auto-ignition, not the occurrence, the
burn rate at predicted onset was used to determine the knock occurrence.



The pressure prediction and ignition delay model were combined to a single
model and tested with cyclic variation model. As a result, the model was judged
to have sufficient accuracy, predicting knock incidence accurately under various
operating conditions.

Keywords: Spark-ignited engine, Knock prediction, In-cylinder pressure
prediction, Auto-ignition, Ignition delay.
Student Number: 2017-29399
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Nomenclature

A area [m?]

CA crank angle [deg]

CR compression ratio [-]

Ea activation energy [J]

hw convective heat transfer coefficient [W m2 K]
k polytropic coefficient [-]

ks Boltzmann constant [J K]

Karr rate constant
m mass [kg]
MFB  mass fraction burned [-]

N number [-]

n mole number [-]

P pressure [bar]

Q heat [J]

Quav  low heating value [J kg?]

R ideal gas constant [J mol* K]
Rs specific ideal gas constant [J kg K]
Sy piston speed [m s!]

T temperature [K]

t time [s]

tion ignition time [s]

\% volume [m?]

Greek Letters
14 specific heat ratio [-]
O burn duration [deg]



9 VD > 3

efficiency [-]
stoichiometric ratio [-]
gas density [kg m=]
ignition delay time [ms]

Subscripts/Superscripts

a air

b burned zone

c combustion

chem  chemical

eff effective

f fuel

HT heat transfer

ign ignition

in intake

n net

p piston

r residual

stoi stoichiometric

u unburned
Acronyms

oD zero-dimensional
1D one-dimensional

3D three-dimensional
aBDC after bottom dead center
AEFD

AHHR accumulated heat release rate
aTDC after top dead center

average energy of pressure oscillation in frequency domain



bBDC before bottom dead center

BDC  bottom dead center

bTDC before top dead center

CA crank angle

CA10 crank angle at mass fraction burned 10 %
CA50 crank angle at mass fraction burned 50 %
CA90 crank angle at mass fraction burned 90 %
CFD  computational fluid dynamics

Cl compression ignition

CVVT continuous variable valve timing

DKI dimensionless knock indicator

ECU  engine control unit

EGR  exhaust gas recirculation

EMS  engine management systems

EOC  end of combustion

EV electric vehicle

FFT fast Fourier transform

GDI gasoline direct injection

HEV  hybrid electric vehicle

HRR  heat release rate

IMEP indicated mean effective pressure

ISPO integral of squared pressure oscillation
IMPO integral of modulus of pressure oscillation
IvC intake valve closing

Kl knock intensity

KLSA knock limit spark advance

LHV  low heating value

LKI logarithmic knock intensity

MAPO maximum amplitude of pressure oscillation

Xi



MBT
MFB50
NEDC
ON
PFI
PHEV
PRF
PSD
RCEM
RDE
RGF
RMSE
RON
RPM
SEPO
SOC
SOl
TDC
TVE

maximum brake torque

mass fraction burned 50 %

new European driving cycle

octane number

port fuel injection

plug-in hybrid electric vehicle
primary reference fuel

power spectral density

rapid compression-expansion machine
real driving emission

residual gas fraction

root mean square error

research octane number

revolution per minute

signal energy of pressure oscillation
start of combustion

start of injection

top dead center

threshold value exceed

Xii



Chapter 1. Introduction

1.1 Backgrounds and Motivations

The increasing concerns on the global warming and air pollution have been
leading to more stringent regulation on exhaust gas emission from vehicles. In this
situation, for CO2, European Union have set the regulation to be 95 g/km of CO2
emission by 2021 and 67 g/km by 2030 [1]. This trend of emission regulation
requires 5 % of reduction of CO2 emission annually. Following this initiative of
European Union, CO2 regulation of many governments also requires similar level
of emission. United States government requires 99 g/km of CO2 regulation by
2025, which is same level of that of Canada. For South Korea, the government
also enforces the CO2 emission to be 97g/km by 2020. Furthermore, due to the
gap between official and real-world emission, the harsher emission testing
procedures such as WLTP and RDE test are becoming widely applied.

In this situation, the carmakers are increasing the sales potion of the battery
electric vehicles (BEV) and the fuel cell electric vehicles (FCEV). However, the
market share of the vehicles with internal combustion engine, including hybrid
electric vehicles (HEV), is still dominant around the world in 2017 [1] and this
trend is predicted to be continued. The future market share of internal combustion
engine is predicted to be more than 80 % in 2030, when including hybrid electric
vehicles [2, 3, 4]. At the same time, due to the public perception on the emissions
from diesel engine, the market share of diesel vehicles are declining and predicted
to be minor powertrain on light duty vehicle while the total number of cars is
increasing [2, 5, 6]. Therefore, improvement on fuel efficiency in gasoline engines

becomes important more than ever.
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Figure 1.1 Global trend of CO2 regulation [1]
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The efficiency of an internal combustion engine can be mainly analyzed in
four aspects: combustion efficiency, thermal efficiency, pumping loss and friction.
The combustion efficiency is about conversion efficiency of chemical energy to
heat energy while the thermal efficiency means conversion of heat energy to
mechanical energy. Both are generally multiplied and evaluated in terms of fuel
conversion efficiency. Pumping loss is amount of work which is generated during
gas exchange process due to pressure difference between intake and exhaust
stroke. In the last, and friction is from relative motion of various mechanical parts.

To achieve desired torque and power while reducing fuel consumption,
minimizing those energy loss is important. Thus, a bunch of technologies has been
introduced on gasoline engines. To improve fuel conversion efficiency, advanced
injection strategies such as multi-point injection (MPI), gasoline direct injection
(GDI) and open valve injection (OVI) are on research and application.
Furthermore, to reduce pumping loss and adjust effective compression / expansion
ratio, variable valve systems including continuous variable valve timing (CVVT)
and lift (CVVL) also have been applied. However, although these state-of-art
technologies have been applied, the direct and effective way is to increase
compression ratio which is traditionally known.

It is well known that the high compression ratio can ensure high thermal
efficiency of an internal combustion engine due to its characteristic as a heat
engine [7]. Its thermodynamic relationship is expressed in equation 1.1.

1

However, in case of spark-ignited engine, it is difficult to apply the high
compression ratio due to knock phenomenon.



Knock is a kind of auto-ignition phenomenon that occurs in the unburned gas
region during combustion. As combustion proceeds, in-cylinder pressure
increases so that unburned gas region is compressed and its temperature increases.
If the flame does not reach unburned gas region before ignition delay is over, than
auto-ignition occurs. When the auto-ignition occurs in form of detonation, rapid
heat release and pressure rise are generated. The example knocking pressure trace
is depicted in figure 1.3. This stiff heat release and pressure wave are known to
cause not only noise but also erosion on mechanical components, leading to
engine failure [8, 9, 10, 11]. Therefore, knock occurrence must be avoided during
engine operation.

Generally, to operate Sl engine with high fuel efficiency as possible, spark
timing should be kept at maximum brake torque (MBT) timing. However,
advancing spark timing under high load condition also causes knock-prone state
in cylinder by increasing pressure and temperature. Thus, knock avoidance of the
conventional Sl engines is realized by retarding the spark timing when knock is
detected with the knock sensor. Majority of conventional spark control logics have
employed fast retardation and slow advance to ensure engine safety [12, 13, 14].
However, this strategy keeps the spark timing to be slightly more retarded from
knock limit spark timing (KLSA) which deteriorates the fuel efficiency [15].
Therefore, continuous effort on knock control improvement is ongoing.



-5 0 5 10 15 20
Crank angle [Deg]

Figure 1.3 Pressure trace of knocking cycle

Figure 1.4 Damage on engine parts by knock [11]

- A2ty



1.2 Literature Review

1.2.1 Auto-ignition and knock phenomenon

Knock phenomenon is generated by auto-ignition of unburned air-fuel
mixture, followed by strong pressure wave in cylinder. Thus, not does every mode
of auto-ignition cause the damage on engine. Combustion modes can be classified
in two major form; deflagration and detonation [16]. When the auto-ignition
occurs as deflagration in combustion chamber, it hardly induce noise and damage
on the engine because the combustion wave propagates slower than sound speed
and cannot generate strong pressure wave. On the contrary, because the detonation
wave propagates with faster velocity than sound speed, detonation mode of auto-
ignition can causes pressure wave in the engine, leading to noise and damage [17,
18].

The auto-ignition is considered to be initiated when the concentration of
radical species reaches critical value. Therefore, the ignition delay of air-fuel
mixture is largely affected by its composition, the pressure and temperature
history. It is expressed in equation 1.2. x* is pertinent reaction products and t is
empirical function for ignition delay.

dx*
dt

= t(P, T,t, A, Composition, etc. ) (1.2)

Although the auto-ignition is not sufficient condition, it is critical necessary
condition for knock occurrence. Therefore, researches on engine knock generally
considers the end of ignition delay as knock onset [19, 20, 21]. Unlike the
conventional auto-ignition research with RCEM, auto-ignition in knock research



goes through much transient condition. Thus, in knock researches, Livengood-Wu
integral [22] is often used to estimate the ignition delay. The correlation is shown
in equation 1.3. Xcis a critical concentration of pertinent reaction product.

&) _;_ t=tign 1
o= [= ft=0 - dt (1.3)

If the | value reaches unity, it means that the concentration of radical element
is enough to initiate auto-ignition.

To understand the correlation between these parameters and ignition delay,
numerous empirical models for ignition delay have been established by using the
rapid compression-expansion machine (RCEM) [22, 23, 24]. Majority of these
models have form of Arrhenius equation as equation 1.4, which is based on
activation of chemical reaction. A is collision frequency which is variant for each
chemical reaction.

Eq
karr = A x exp(— ’%7) (1.4)

Douaud and Eyzat [19] introduced an ignition delay model, which is based
on chemical reaction and considering octane number of fuel. The formula is as
expressed in equation 1.5. Coefficients of model were calibrated with
experimental data using the CFR engine. Considering various octane number,
various composition of primary reference fuel (PRF) was determined.

3800

ON 3.4017
) P expER) (15)

T =18.69 (100

Worret et al. [25] modified the Douaud-Eyzat model by conducting
experiment with conventional engine and two types of fuel with different research



octane number (RON). They suggested that the term of octane number in Douaud-
Eyzat model can be replaced to RON with same model coefficients.

Hoepke et al. [26] investigated the effect of cooled EGR on knock as boosting
and downsizing strategies had been applied. They analyzed that the effect of EGR
on knock mitigation is majorly appears in three aspects; burn rate improvement,
chemistry change and increase of specific heat ratio. Among these factors, the
effect of burn rate and specific heat ratio appears as change of in-cylinder pressure
and unburned gas temperature. For the chemistry change, they introduced
additional term with EGR to lengthen ignition delay. Furthermore, density of gas
is considered, not pressure solely as existing model. The derived model is as
followed in equation 1.6.

5266

—1.343
1=84498+1075(2) T (1 - xpep) 0% lexp(E)  (16)
Chen et al. [20] compared existing ignition delay models and found that the
existing models were vulnerable to change of air/fuel ratio in the engine. It is
analyzed that the excessive oxygen in the air affects not only pressure and
temperature but chemical reaction. Therefore, an explicit term with stoichiometric

ratio (1) is additionally included to Hoepke’s model as equation 1.7.

3167

25351075 (5) " (1= xpep) OB expCET)  (1.7)

Recently, Mckenzie et al. [27] improved ignition delay model with
consideration on various types of dilute gas including EGR, residual gas and
excessive air. In this model, the effect of dilute gases is combined as one explicit
term. The model has formula as expressed in equation 1.8.



P\~ 173 5190
exp(

T=271%107° (T) T) (1 — W,y)~0618

A-1

W, = EGR + x; + 0.95 |m
Stoi
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Cho [28] induced the formula to understand the ignition delay considering
molar concentration of each element. The formula was induced based on a
chemical reaction rate as in equation 1.9. The fuel and oxygen concentration was
regressed with gas density and equivalent ratio. The regression is expressed in
equation 1.10 and equation 1.11. These two equation was substituted to equation
1.9 and calibrated, resulting in equation 1.12.

r = A[Fuel]™[0,]"exp(— %) (1.9)
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1.2.2 Knock methodologies

1.2.2.1 Evaluation of knock intensity

Detection of knock occurrence is one of the most important part not only in
actual engine operation but also in knock research. Generally, in the field of knock
research, knock occurrence is judged on the basis of the strength of knock, which
is called as knock intensity. Therefore, various methodologies to define strength
of knock have been developed. Majority of these methodologies are based on the
measured in-cylinder pressure because the knock occurrence generally
accompanies with pressure oscillation.

Among various knock metrics using the pressure data, the MAPO (maximum
amplitude of pressure oscillation), IMPO (integral of modulus of pressure
oscillation) and ISPO (integral of squared pressure oscillation) are the
representatives. For MAPOQ, it uses high pass filtered pressure signal and defines
knock intensity as maximum amplitude of filtered signal. Due to its simplicity and
intuitiveness, it has been widely applied to knock research [18, 26, 28, 29, 30].
However, because MAPO method uses only one data point, it shows vulnerability
on external noise. IMPO evaluates knock intensity by summing amplitude of
filtered pressure signal. Similarly, ISPO evaluates knock intensity by summing
squared amplitude of filtered pressure signal. Both IMPO and ISPO methods
consider energy of signal but, difficulty exists on determining the calculation
duration, which can lead to a bias on evaluation.

Therefore, researches for standardization of knock intensity have been
conducted. For example, AEFD (average energy in the frequency domain) was
introduced to minimize dependency on calculation duration [31]. This method
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evaluates knock intensity in the same way as ISPO but with the spectral lines
obtained by Fourier transform.

Hudson et al. [32] suggested LKI (logarithmic knock intensity) with
consideration on oscillation energy in the frequency domain. This method
calculates knock intensity by taking logarithm on averaged energy. They verified
LK1 method in both time domain (averaged ISPO) and frequency domain (AEFD).

Brecq et al. [33] introduced the DKI (dimensionless knock indicator) to
determine knock limit of an engine. The DKI is defined as the ratio of IMPO and
MAPO value multiplied by calculation window, which means the ratio of swept
area by each method. They found that DKI value sharply decreased when spark
timing was advanced beyond knock limit spark timing (KLSA).

Shahlari et al. [34] developed knock intensity based on envelope of pressure
oscillation history. This method creates signal envelop on high pass filtered
pressure in form of exponential and defines the pre-exponential constant (K) as
knock intensity. They concluded that this developed method had less dependency
on position of pressure transducer than existing methods did.

Cho [28] defined knock incidence as a number of knocking cycles divided
by total number of cycles. Considering the stochastic behavior of knock, at least
1000 of cycles were monitored to have statistical validity. They found that the
knock incidence had strong positive correlation with ISPO knock intensity.
Therefore, they concluded that the knock incidence also can be a representative
index for knock intensity without complex arithmetic calculation.
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Table 1.1 Knock intensity metrics

Maximum Amplitude
MAPO L max (| Pri|)
of Pressure Oscillation

Integral of the Modulus Bo+A0
IMPO o f 1Prc|do
of Pressure Oscillation N
Integral of Squared Ootad
ISPO e f Prac?d9
Pressure Oscillation 66

Average Energy of pressure oscillation v+iv
AEFD . . f [F(P)]? dv
in Frequency Domain v

In(C x averged ISPO)

LKI Logarithmic Knock Intensity
(or In(C x AEFD))
DKI Dimensionless Knock Intensit IMPO
Y| MAPO Luyinao
. . ; K= Koe_mt
Sharlari Signal Enveloping Method
Ko = knock intensity
Knock N -
o Frequency of knock occurrence _lnocking cycle.
incidence Nmonitored cycle
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1.2.2.2 Knock onset determination

Determination of knock onset is another critical factor in the field of knock
research because incorrect estimation of knock onset timing leads to
misunderstand on anatomy of knock and ignition delay of fuel. Because knock
phenomena generally appears with pressure oscillation, knock onset can be
determined by detecting the beginning of pressure oscillation. However, due to
the stochastic behavior of knock, analysis of knock requires numerous amount of
pressure trace, which makes it difficult capture the knock onset manually.
Therefore, researchers have developed knock onset detection algorithms.

One of the conventional methods is MAPO-TVE (MAPO-threshold value
exceed) method. This method processes the pressure signal in the same way of
MAPO method and defines knock onset as when the amplitude of oscillation
exceeds a threshold value. As MAPO method does, this method has its priority on
simplicity and intuitiveness. However, this method has tendency to detect knock
onset later than knock actually occurs.[25, 35].

Kim [36] introduced modified TVE method to improve the MAPO-TVE
method. They filtered the pressure signal by subtracting smoothed signal from raw
signal to minimize phase shifting by conventional filtering. After signal
processing, algorithm detects the first dip of oscillation. From 5 degrees before
the first dip, it monitors the mean and standard deviation of filtered pressure signal
in moving window. If the pressure oscillation exceeds sum of average and five
times of standard deviation, previous crank angle is determined as knock onset.

Khalghatgi et al. [29] determined knock onset with smoothed pressure signal.
The moving average with window length of 3 is used for pressure smoothing. This
algorithm defines knock onset as when the difference of smoothed pressure data
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exceeds 0.05 bar. The determined knock onset with developed algorithm was
compared with manually observed onset, showing high coincidence.

Shahlari et al. [34] used raw pressure signal to determine knock onset. With
proper initial guess on knock onset, this algorithm conducts a linear fitting on
pressure data with weight. If the difference between raw pressure and fitted line
exceeds 0.lbar, than that crank angle becomes new initial condition. After
repeating this procedure five times, knock onset is determined.
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1.2.3 Knock mitigation strategies

1.2.3.1 Coolant strategy optimization

Suppression of temperature rise has significant effect on knock mitigation
because the auto-ignition is governed by temperature of unburned gas mixture.
Therefore, majority of conventional knock mitigation researches are related to gas
temperature. For example, application of EGR is one of certain methods to reduce
temperature rise by increasing specific heat ratio of mixture [26]. Thus, it have
been actively applied to the mass-production engines [37, 38, 39].

Optimizing coolant strategy is one of promising factor on knock mitigation
because it has direct effect on boundary temperature of the cylinder. However,
excessive cooling can increase heat transfer between burned gas and boundary
wall, which can lead to deterioration of thermal efficiency. Therefore, numerous
researches for optimizing cooling strategy have been conducted. Optimization of
coolant passage and piston oil gallery are widely on application for mass-
production engines [40, 41].

Takahashi et al.[42] studied the effect of a liner temperature distribution with
experiment and 3D CFD simulation. They analyzed the heat transfer
characteristics along each period of engine cycle. Due to the change of effective
liner area during cycle, the heat transfer through liner was largest during gas
exchange process while being smallest during combustion process. Furthermore,
tumble motion of intake flow resulted in the larger effect of exhaust side wall.

Imaoka et al.[43] analyzed the effect of each wall on knock mitigation by
applying segregated cooling passage on the engine. The CFD simulation result
showed that the majority of heat transfer occurred through the intake port and
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valve surface. In addition, experiment result showed that cooling the head coolant
had larger effect on knock mitigation, consistent with the CFD analysis.
Furthermore, they adopted the insulated intake port to the test engine to decrease
initial gas temperature for knock mitigation.

Cho [28] investigated the effect of coolant on each wall temperature and
knock mitigation. The CFD analysis result showed that the cooling strategy did
not have considerable effect during combustion due to small change of wall
temperature compared to burned gas temperature. They pointed out that the effect
of head coolant on knock mitigation mainly came from the intake port wall, not
the head surface. Furthermore, it appeared that the liner cooling could be more
effective with the insulated intake port.

1.2.3.1 Improvement of flame propagation

Flame propagation is another important factor because it governs the
existence of unburned gas at the end of ignition delay. Although knock mitigation
with flame speed improvement requires delicate consideration on combustion, this
strategy brings not only knock mitigation but also efficiency improvement.
Therefore, some concepts including corona ignition [44, 45] and multi ignition
[46, 47] have been introduced for faster and larger kernel growth at start of
combustion.

On the other hand, increasing turbulent intensity at the spark timing is known
to be another solution for improving flame propagation, by expanding flame
surface area [16]. In case of the Sl engine, it is traditionally accepted that the
higher tumble ratio ensures the stronger turbulent intensity at the spark timing.
Thus, researches for improving in-cylinder flow characteristics have been
conducted and applied to the engine design.
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Recently, Yoshihara et al. [48] published design procedure of high tumble
port. They pointed out that the improvement on tumble ratio led to decrease of
flow coefficient, resulting low volumetric efficiency. Therefore, design related to
valve seat was optimized to suppress flow coefficient deterioration. The intake
port was inclined to lead the gas flow into one direction on the valve curtain area.

Omura et al. [49] equipped the laser Doppler velocimetry system on the test
engine to measure the turbulent intensity. Various flow condition was tested by
using intake port adapter. Result showed that the turbulent intensity and mean
flow velocity near spark timing tended to increase as tumble ratio increase. It was
analyzed due to the vortex center with high tumble moved to spark more than it
did under low tumble condition.

1.2.3.1 Retarding the spark timing

Knock phenomena shows stochastic behavior due to the variation of
numerous factors such as air-fuel mixing, turbulent flow, residual gas and flame
growth. Therefore, despite the efforts on knock mitigation, it is still difficult to
guarantee knock-free operation under specific condition. In order to avoid knock,
conventional vehicles are using real-time spark control algorithm.

Generally knock avoidance is realized by retarding spark timing, however, it
inevitably leads to efficiency deterioration. Therefore, various spark control logic
has been developed to minimize efficiency loss from retarding the spark timing.
For example, Denso cooperation held a patent [50] for spark control algorithm
which updates its control factors in real time.

Cho et al. [51] developed the spark control algorithm with consideration on
cyclic variation. In order to establish the environment for model development, a
simulation model for in-cylinder pressure was constructed considering cyclic
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variation. They found that the location of peak pressure had major effect on
combustion phase and knock occurrence. Therefore, the peak pressure location
was determined as a factor for tuning the control gain. The model was validated
by experiment and showed less fluctuation of spark timing.

Thomasson et al. [15] introduced a control algorithm based on likely-hood
of knock incidence under various operating condition. They varied the spark
timing with fixed intake pressure to observe the correlation between the knock
incidence and the spark advance. The observed likely-hood was applied to change
the control gain in real time to achieve less the variation of spark timing compared
to conventional strategy. The experiment result with the developed control logic
showed not only smaller variation of spark timing but also lower probability of
knock occurrence.
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1.3 Research objective

Not only knock prediction is an important challenge for the active knock
avoidance, but also it can be a basis for the utilization of auto-ignition to achieve
the fast combustion. Knock related control is typically realized by adjusting the
spark timing. Therefore, it is important to complete the knock prediction before
the spark is discharged for progressive spark control.

While there have been numerous researches on knock prediction models,
these models are difficult to apply in actual driving situations because of a gap
between the real situation and model requirements such as in-cylinder pressure
sensor, long calculation time or other unavailable data in real situation. Thus, the
research objective was development of a 0-D knock prediction model with only
available data from the engine management system. To achieve the objectives, the
following process was carried out.

1). Cycle-based combustion analysis
- Combustion process of the test engine were characterized.
2). In-cylinder pressure prediction

- A 0-D in-cylinder pressure prediction model was developed
with available EMS data.

3). Determination of knock occurrence

- Criteria for knock occurrence were proposed with consideration
on ignition delay and mass fraction burned.
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Chapter 2. Methodology

2.1 Test cell configuration

2.1.1 Test engine specification

The test engine was a single cylinder SI engine with displacement volume
was 500cc. The stroke and bore were 97mm and 81mm respectively and
compression ratio was 12. The intake air was naturally aspirated and fuel was
supplied with multi point injection system. This engine was equipped with the
dual CVVT system, in which the intake valve could be advanced by 50CA and
exhaust valve could be retarded by 40CA. The engine is shown in figure 2.1 and
its detail is in table 2.1.

2.1.2 Cell facility and equipment

The schematic diagram for test cell configuration is depicted in figure 2.2.
For the intake throttle and the CVVT module control, the mass production ECU
was used with ETAS INCA software. For the ignition and injection control, the
compact-RIO platform of National Instrument was programmed by Labview
software. This system enabled to obtain the control resolution of 0.1CA with the
rotary encoder of 3600 ticks. Therefore, more precise control of spark timing and
injection duration was achieved.

The measured data was monitored and logged with AVL Indimodul system.
Kistler 6065A piezoelectric pressure sensor was mounted in the cylinder head.
The flush mounting type was selected to measure pressure oscillation accurately
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while reducing the resonance in cavity as much as possible. Kistler 4045A2
absolute pressure sensor was used to measure the intake pressure. The in-cylinder
pressure data was calibrated with the measure pressure at intake manifold during
BDC + 2CA in the intake process. Additionally, in-cylinder pressure was also
acquired with the developed Labview program to calculate knock incidence in real
time.

The fuel was supplied at the pressure of 6bar and its flow rate was monitored
with OVAL CAQ01 Coriolis type flowmeter. The fuel was the conventional
gasoline fuel, which had 42.825 MJ/kg of low heating value, 2.064 of H/C ratio
and 91.5 of research octane number. The fuel specification is in table 2.2. Fuel
injection duration was controlled to keep the lambda to be unity. The lambda value
was monitored with Horiba MEXA-110 A lambda analyzer.
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Table 2.1 Engine specification

Category Specification
) Single-cylinder N/A
Engine type
dual CVVT
Displacement [cc] 499.8
Stroke [mm] 97
Bore [mm] 81
Compression ratio 12

Injection system

Dual PFI (6 bar)

Injection timing 540 CAbTDC
EVO 68 CA bBDC
Valve EVC 1 CAaTDC
Timing
(@ 0.1 mm) IVO 10 CA aTDC
IVC 67 CA aBDC
Number of valves 4
Maximum valve lift 10 mm




Table 2.2 Fuel specifications

Conventional gasoline Value Test Method

H/C ratio 2.064 ASTM D 5291

Density [kg/m®] @ 15°C 724.5 ASTM D 1298

Research Octane Number 91.5 ASTM D 2699
LHV [MJ/kg] 42.825 | ASTM D 240-14
AVL IndiModule NI cRIO-9039
- waree | ection
(7 NI1-9222
NI-9214 =
OVAL CA001
Fuel mass meter
In-cylinder/ Man.:fold Spark
Pressure signal

Horiba Gas Analyzer

MEXA-7100 DEGR S ing |e_cv| inder
Sl engine
Figure 2.2 Test cell configuration
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2.2 Experimental conditions

2.2.1 Knock detection and incidence

Knock detection was an important issue because the research objective was
closely related to knock occurrence. In this research, the knocking cycle was
determined with MAPO-TVE method. The threshold value was selected to be 0.5
bar to detect weak knock while distinguishing pressure oscillation caused by
knock or signal noise. For the strength of knock, knock incidence was used to
estimate the strength simply and intuitively during experiment.

2.2.2 Operating condition

The experimental conditions were determined to obtain abundant data under
different knock incidence condition. Therefore, various combinations of engine
load, combustion phase and valve timing were tested. The test procedure was as
followed.

1. Operate the test engine on normal condition keeping MFB50 timing to
be aTDC 8 CA.

2. Increase fuel rate with fixed MFB50 timing until knock incidence
exceeds 50 %.

3. If knock incidence exceeds 50 %, than fix the fuel rate and retard the
ignition timing until knock does not occur.
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This test procedure was repeated at 1000, 1500 and 2000 rpm with various
intake pressure. The valve timing was also changed; the intake valve was
advanced by 0, 5, 45 CA and the exhaust valve was retarded by 0 and 5 CA.
The test condition was depicted in table 2.2 and figure 2.3.

27



Table 2.3 Experimental condition

0- 50 CA adv. (In)

Valve Timing 0-5CAd. (EX)
Spark Timing 28 CAbTDC -4 CAaTDC
Intake Pressure [bar] 0.6-0.9
Engine Speed [rpm] 1000/1500/2000
Ambient Temp. [°C] 25
Oil/Coolant Temp. [°C] 85

301\ 10 4 9.05 9.5
w5 W
S 8| a
é Ot 5 6
E 15 | O« g
©
- o 4
g 10 g
L
0 > 2 >
-25 -20 -15 -10 -5 1000 1500 2000
Spark timing [CA aTD(] Engine speed [rpm]
Figure 2.3 Operating region
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2.3 Combustion analysis

2.3.1 Heat release rate and heat loss

Estimation of heat release rate is an important part in combustion analysis
because it gives some representative parameters such as MFB50, amount of heat
loss and burn duration. However, it is difficult to calculate the heat release rate
accurately because the available data is usually only in-cylinder pressure.
Typically, the heat release rate is calculated with the single zone assumption and
1st law of thermodynamics. The calculation is carried out as in equation 2.1.

dQnet = 5 PAV + ﬁ VdP 2.1)

By accumulating the calculated heat release rate along crank angle, mass
fraction burned can be estimated in terms of energy fraction. It is shown in
equation 2.2.

1 t dQnet+dQHT
nem¢Qpyvy *tign ae do (22)

Xp =

As appears in the equations, several factors including the combustion
efficiency, heat transfer and specific heat ratio and should be considered.
Furthermore, to estimate the heat transfer, it is important to determine the end of
combustion. It is well known that those factors varies depending on the operation
condition, even the specific heat ratio varies as combustion progresses.

For the combustion efficiency, it is common to calculate using the enthalpy
of exhaust gas, considering the gas composition. However, in this research, the
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estimated heat release will be used for in-cylinder pressure prediction but it is
impossible to measure the exhaust gas composition in real driving condition.
Therefore, the combustion efficiency is assumed to be constant of 0.98.

The heat release rate is known to vary along in-cylinder temperature, so that
it should be evaluated at each crank angle for better estimation. However, it leads
to more calculation load and time which may make real time application difficult.
In this research, the specific heat ratio was fixed to be 1.3 because it was
considered not to be matter if same value is used for predicting in-cylinder
pressure.

The amount of heat transfer was evaluated by subtracting net heat release
from the heating value of supplied fuel. The supplied fuel mass was obtained from
the flow meter and multiplied with the low heating value of fuel used. The amount
of net heat release was calculated with accumulated heat release rate value at the
end of combustion. Therefore, it was important to determine the end of
combustion. Because the combustion phase varies diversely, fixing the end of
combustion as specific timing is not proper assumption. In this research, Kim’s
method [36] was used. This method determines the end of combustion as 10 CA
after when the multiplication of pressure and volume shows maximum value. It is
shown in equation 2.3.

EOC = O paxpy) + 10 CA (2.3)

However, under the knocking condition, the pressure oscillation leads to
faster determination of EOC. Therefore, low-pass filtered pressure was used for
calculating the heat release rate. Kaiser windowing was selected as filtering
method. In order to avoid signal phase shift from filtering, the zero-phase filtering
method was used. The filter specification was selected to eliminate the pressure
oscillation by knock while preserving other frequency component. Thus,
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frequency analysis was carried out on the pressure signal with FFT. As a result,
the passhand frequency was 4 kHz and the stopband frequency was 5 kHz. The
filter response magnitude plot are shown in figure 2.4.
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2.3.2 Knock onset determination

As many previous researches pointed out, MAPO-TVE method tended to
determine knock onset later than it actually was. For Sharlari’s method, it showed
acceptable accuracy, but the accuracy deteriorated if the combustion phase was
pushed back or knock was weak. It is thought because the algorithm detects stiff
increase of pressure signal, which may appear by signal noise before knock occurs.
Therefore, sometimes, it incorrectly estimated that knock occurred sooner than it
actually did.

Therefore, in this research, the deep-learning method was introduced for
knock onset determination. Normalized raw pressure data was used as model input
and manually observed knock onset was back data for learning. Model was
optimized by conducting parametric study on learning rate, number of hidden
layer and epoch number. The model schematic and its specification are shown in
figure 2.5. The developed model was validated with 1700 knocking cycles and
showed less deviation of prediction depending on knock strength compared to
existing methodologies.

. Figure 2.6 shows the comparison of each knock determination method. .
The x-axis is actual knock onset of each cycle, which was manually picked by
observing the start of pressure oscillation. The y-axis is determined knock onset
by each method. As a result, it appears that the developed deep learning model
determine knock onset precisely with less accuracy deviation.
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2.3.3 Unburned gas temperature

Estimation of unburned gas temperature is essential for understanding
ignition delay and auto-ignition. In this research, the unburned gas temperature
was calculated with assumption of two zone model which regards the unburned
gas region to be separated from burned gas region. To be precise, the heat transfer
should be considered on temperature calculation because the unburned gas region
is in contact with the combustion chamber wall. However, the auto-ignition occurs
at hot spots inside unburned gas zone, not near boundary wall. Therefore, the
temperature was estimated with assumption of adiabatic compression process.
The equation is in equation 2.4. Though the specific heat ratio varies as
temperature increases, its value was fixed as a constant of 1.3 for the same reason
of the heat release calculation.

P; 1—
Tu=Twe(322) 7 (2.4)

As appears in equation 2.4, the initial temperature of unburned gas is also
important factor, however, it is hard to measure directly. Thus, it was calculated
with the ideal gas equation as equation 2.5. Therefore, proper measurement of
pressure at IVC, amount of trapped mass and its composition have considerable
effect on temperature estimation.

PrvcVive = Neotar RTive (2.5)

Due to the resolution limit of pressure transducer, the intrinsic error of
0.025bar appeared, which can cause 2 % ~ 5 % of error. So that, the smoothing
methods were applied to pressure signal. For smoothing, the median filter with
window of 9 points and 3rd order Savitzky-golay filter with 151 points were used.
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Trapped mass consists of fuel, air and residual gas. For the fuel, the
monitored value with the flow meter was used. Air mass was calculated by
multiplying stoichiometric air-fuel mass ratio to fuel mass because the engine was
operated under stoichiometric condition. However, in case of the residual gas, it
should be modelled because it is difficult to measure or estimate by pressure data.

2.3.4 Residual gas fraction estimation

The residual gas fraction (RGF) is important factor, not only for the trapped
mass, but also for the gas composition, which affects the gas constant and specific
heat ratio. However, the direct measurement of RGF is very difficult because it is
a kind of internal EGR. Though several researches about measurement of RGF
exist, they require measurement of other indirect sources such as CO2, THC and
NOx [52, 53, 54, 55].

Numerous modeling approaches also have been conducted to estimate the
residual gas fraction. As initiative, Fox et al.[56] assumed that the residual gas
was trapped by burned gas in the clearance volume and backflow of exhaust gas.
With the assumption of the ideal Otto cycle, they introduced the RGF model. This
model considers the manifold pressure, compression ratio, engine speed and valve
overlap. To quantify the valve overlap, they introduced the overlap factor, which
means the average valve curtain area during valve overlap. The equation for
overlap factor is shown in equation 2.6. D is valve diameter and L is valve lift.

Lin=L 6
Din fBI’;lo EX L1nd@+Dgy fL,,ElZCL Lg,df

Ex (2.6)

OF =

Va

After Fox, many researchers have tried to modify his 0-D model for better
accuracy and universality. [57, 58, 59]. Recently, Kale et al. [60] developed a RGF
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model which distinguishes the valve overlap duration with consideration on the
location of TDC and timing with same intake/exhaust valve curtain area. Although
this model has 13 of tuning coefficients, it shows relatively accurate result.

However, due to the empirical and simplified form of the model, it
occasionally gave negative value of RGF under conditions with high volumetric
efficiency. Therefore, adjustment was conducted by changing the effect of the
volumetric efficiency from linear to an exponential. The model is as followed.

RGF = RGFIVC + RGFBackflow (27)
C1VO0 1
_ &1 OFsvcOFnsive (PEx\y
RGFy¢c = Speed+CRqys (Pm) (2.8)
OFs 1yc = C20F¢ 1 + C30F¢ gy +1,% + Cs (2.9)
OFysive = Co(OF¢ 1n — OF¢ px) + 1,7 (2.10)
CgSpeed 1
gopeedpgp OF Pex\ 2y
RGFBackflow == S;Z:;k neback (?E:) Zy |Pgx — Prnl (2.11)

Ci1tly
OF; pack = Co(OFrpcin + OFrpcpx) + C10(OFcm + OFcpy) + %n (2.12)

OFpnspack = C12(0Frpcin — OFrpcgx) + C13(0OF¢n — OF¢ gy (2.13)

Arearp=Areag,

Drn Jp Lind@
— 1vo
OF¢ 1y = i (2.14)
DEx ,frEe‘sz =Area Lgxd®
OFc gy = Ian Ex (2.15)
TDC
Dn fg Lind®
— Vo
OFrpem = ——, —— (2.16)
DEy ff;‘CVC Lgxdf
OFrpcex = 7 (2.17)
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In order to calibrate the tuning constants, real RGF value was necessary.
However, as mentioned, measuring reliable RGF data is challenging task.
Therefore, instead of measurement, a 1-D simulation model was built with GT-
power software. The model geometry was modified to produce the same in-
cylinder and intake manifold pressure trace under the motoring condition. The
matched motoring pressure is depicted in figure 2.7 and combustion pressure in
figure 2.8.

After that, the implanted combustion model, SITurb model, was calibrated
to match the combustion pressure trace with that from experiment. With the
calibrated model, various operation points were simulated to obtain RGF value
under each condition. The calibrated model constants and simulated conditions
are shown in table 2.3 and 2.4.

Then, the modified 0-D RGF model was calibrated with the back data from
GT-power. The exhaust manifold pressure was fixed at 1.013bar since it cannot
be measured in the environment in which this model will be implanted. For
optimization, the genetic algorithm was used due to many tuning constants. Figure
2.9 shows the comparison between existing models and the modified model. All
of models were calibrated to same back data from GT-power.

With developed model, the mass of residual gas was calculated as in equation
2.18 and the total number of mole was calculated as in equation 2.19.

x,m¢(1+AFR)
mr = j;_—xr (2.18)
m T
Ntotal = M_j: + r;_z + :Z_r (2.19)

To estimate the molar mass of fuel, its composition was assumed to be PRF,
with 91.5 % iso-octane and 8.5 % normal-heptane, regarding the octane number
of fuel. For air, it was assumed to be 21 % oxygen and 79 % nitrogen. In case of
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the residual gas, a simple chemical reaction was considered with assumption of
complete combustion. In this equation, the real H/C ratio of test fuel was used for
the reliable estimation of the composition of reaction product gas. The reaction is
as followed in the equation 2.20.

CyHz 064 + 1.516(0, + 3.773N,) - 1.032H,0 + CO, + 5.720N, (2.20)

With determined gas composition, the molar mass of each gas was calculated

Mi = Z x]M]
J

(i : fuel,air,residual gas, j: arbitrary species in gas) (2.21)

as followed in the equation 2.21.
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Table 2.4 SITurb model calibration

Parameter o
] Optimized value

(SITurb / Woschni)
Flame Kernal Growth

o 1.167
Multiplier
Turbulent Flame Speed

o 0.690
Multiplier
Taylor Length Scale

0.703

Multiplier
Woschni Multiplier 0.7

Table 2.5 Simulation condition

Sweep parameter Range
Engine Speed [RPM] 1500 - 3000
Ignition Timin

[?JA bTDC] : 28-0
Intake pressure [bar] 0.2-0.9
INCAM adv. [CA] 0-40
EXCAM rtd. [CA] 0-3

Total 1200 cases
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Chapter 3. Model Description

3.1 Prediction of in-cylinder pressure

3.1.1 Initial gas state

3.1.1.1 In-cylinder pressure at IVC

Incorrect estimation of initial gas state can result in critical error on overall
procedure of knock prediction. Especially, in-cylinder pressure at IVC has
significant effect because it affects all the factors related to ignition delay,
including pressure, density and temperature. Though the mass-production engines
are equipped with the manifold air pressure (MAP) sensor, it is known that the in-
cylinder pressure is not equal to the manifold pressure due to temperature and gas
flow. Therefore, it is necessary to investigate the correlation between the manifold
pressure and the in-cylinder pressure at IVC.

Eriksson et al. [61] introduced a correlation considering the engine speed.
However, that correlation was not valid when applied to measured data with
different valve timing. Therefore, the effect of valve timing was considered in
terms of the overlap factor, which was introduced by Fox et al. [56]. The modified
correlation is expressed in equation 3.1 and the comparison is depicted in the
figure 3.2.

Peyiive = Puanive + 0.078 — 0.024Speed — 0.00160F  (3.1)
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3.1.1.2 Initial gas temperature

As mentioned in in Chapter 2.3.3 and Chapter 2.3.4, the initial gas
temperature was estimated with the ideal gas equation. The in-cylinder pressure
at IVC was predicted with the correlation in equation 3.1 and EMS data including
MAP sensor data, engine speed and valve configuration. Trapped mass was
estimated based on the fuel injection rate, air-fuel ratio and the residual gas
fraction model. The molar mass of each gas mixture was stored in the form of
array and used to calculate the number of moles.

3.1.2 Compression process with polytropic index model

When analyzing the dynamics of a heat engine, the compression process is
generally assumed as the polytropic process as equation 3.2.

PV, * = P,V,* (3.2)

If the polytropic index, k, can be determined as a specific constant, the
estimation of compression process would become much simpler. However, it is
known that the polytropic has a value of about 1.3 +0.5 [7], which varies
depending on operating condition. Furthermore, incorrect determination of the
polytropic index leads to wrong estimation of in-cylinder pressure at the spark
timing as shown in figure 3.3. Because the in-cylinder pressure at the spark timing
is initial condition for predicting the pressure during combustion, it is important
to estimate the polytropic index properly.

Lee etal. [62] introduced a polytropic index estimation model for CI engines.
They found that the polytropic index varies almost linearly along the amount of
heat transfer during compression divided by initial temperature. Therefore, the
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model has the form of linear equation. The equation is briefly shown in equation
3.3.

k = Kisen + 22T « Slope (3.3)
Tvc

The y intercept of equation meant representative y during compression, noted
as kisen. Because the change of kisen majorly depends on the temperature and gas
composition, Kien Was modelled as combination of Tic, Yive and CRivc-sol
(volume ratio between IVVC and SOI). Slope was modelled as form of inversely
proportional to CRivcsor by conducting sensitivity analysis. For heat transfer,

woschini’s correlation was used with calibration for the test engine.

Lee’s model consists of the key factors that have major influence on the
polytropic index with their physical meaning. However, considering the model in
the view of only the form of formula, the model can be regressed as multiplication
of P, T, y and CRyc-soi. Therefore, in this research, the model was regressed as
in equation 3.4.

k = C1y1vc?CRyc—ign > Speed®s (3.3)

yive was calculated using Tvc and the curve-fit coefficients table for specific
heat [Turns]. In order to calibrate the coefficients, polytropic index for each
condition was calculated with measured pressure data as shown in equation 3.4.
The RMSE between k and kex, was selected as the objective function of model
optimization. The calibration result is depicted in figure 3.4 and comparison
between measure pressure and predicted pressure at spark timing is shown in
figure 3.5.

Kexp = 108(Pign/Prvc) /108(Vive/Vign) (3.4)
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3.1.3 Combustion process estimation

3.1.3.1 Accumulated heat release and in-cylinder pressure

In Chapter 2.3.1, it is mentioned that the net heat release rate can be
calculated with the measure in-cylinder pressure. Therefore, in opposite way, it is
possible to calculate the in-cylinder pressure with the net heat release rate. The
equation 3.5 shows the recurrence relation of in-cylinder pressure, derived by
simple arithmetic calculation.

AQnet__V n—1d_V
P, = w +P,_q (3.5)
y-1/n-1gg
As shown in equation 3.5, it is essential to accurately predict the net heat
release rate in order to estimate the pressure trace. However, because the operating
range of the engine is much wide, it is difficult to make reliable prediction of the
net heat release rate for all operating conditions.

3.1.3.2 Wiebe function and a representative heat release curve

Wiebe function is traditionally known to match the burn rate curve well with
appropriate calibration. The formula is expressed in equation 3.6.

9—91: n m+1
xp =1—exp(—a (e—bg) ) (3.6)

Furthermore, when the accumulated net heat release rate is expressed in
terms of the mass fraction burned, it can be written as equation 3.7.
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Qnet(e) = (quel - Qloss)(1 — exp [_a (%bign)m-ﬂ]) (3-7)

Therefore, the parameters a, m, Big,, 6 and Qioss Should be determined to
estimate the net heat release rate and in-cylinder pressure. Of these parameter, Bign
can be specified as the spark timing, but the rest are difficult to be determine
because they vary greatly depending on the operation condition.

Lee [63] assumed that a representative “a” and “m” value of an engine can
be found with the normalized burn rate curve. The burn rate curves from
experiment were normalized by burn duration and accumulated net heat release.
Those curves were collected and used for determining the “a” and “m” value by
calibrating the normalized Wiebe function in equation 3.8.

Qnorm(®) =1 - exp[—a(e)m“] (3.8)

In this research, Lee’s concept was implemented for the heat release rate
prediction. For the normalization, accumulative net heat release was calculated
with measure pressure and specific heat ratio of 1.3. These AHRR curves were
normalized; for the x axis, the spark timing to CA90 was used, and for the y axis,
Qret Value at EOC was used. Figure 3.6 demonstrates the characterization of heat
release curve.
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3.1.3.3 Burn duration and heat loss models

The 0, and Qioss are also needed to be determined under each condition to
complete the heat release rate prediction. Those parameters have been
continuously analyzed, and as a result, it is well known which physical properties
have major effect on them. Therefore, the burn duration and heat loss were
predicted with proper 0-D models.

For the burn duration, Bonatesta’s 0-D model [64] was applied with
calibration. This model considers the effect of load, dilution, turbulence and
combustion phase in terms of gas density at spark timing, EGR, piston speed and
the spark timing respectively. For this research, the EGR term was excluded
because the EGR gas was not supplied in experiment. As a result, the model was
constructed as the formula in equation 3.9.

1.02

— -0.35
Bp = 1466.3p;gy " *° (1 i

7.4 % 107%0,,,% — 0.0360;,, + 1) (3.9)
g g

The gas density was calculated with estimated trapped mass and volume at
spark timing. For mean piston speed, it was determined with the stroke and engine
speed. Bign means the spark timing in bTDC crank angle. The model was calibrated
to match the duration from the spark timing to CA90, which was calculated from
measured pressure data. The calibration result is depicted in figure 3.7.

For the heat loss, using conventional heat transfer model can be considered,
such as Woschini, Hohenberg and other 0-D models for heat transfer coefficient.
However, these heat transfer models require to be updated at each crank angle as
the gas state varies, which leads to more calculation and complexity. Therefore, a
simple 0-D model, considering engine load, combustion phase and engine speed,
was introduced. The higher engine load and faster combustion phase leads to more
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heat transfer due to more temperature rise. The engine speed was considered for
gas flow speed and heat transfer time. The developed model is shown in equation
3.10.

_ -7.27
Quoss = 68-45(mfuel)1'34(speed) 0'43(eign) (3.10)
The back data for heat loss model calibration was prepared by subtracting
the net released heat at EOC from the product of fuel mass and low heating value.
The figure 3.8 shows the calibration result of heat loss model.

Finally, these two models and the Wiebe parameters; “a”, “m” were inserted
to equation 3.7. After that, with the equation 3.5 and equation 3.7, the in-cylinder
pressure was predicted. The prediction result is shown in figure 3.9.
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3.1.4 Simulation of cyclic variation

Estimation of cyclic variation is also important because the condition of
individual cycle determines knock occurrence, not the mean operating condition.
However, the cyclic variation is involved with numerous factors, some of which
shows even random characteristics. Thus, it is difficult to simulate the cyclic
variation exactly.

Cho et al. [51] used a simple method to simulate cyclic variation with
consideration on the variation of Wiebe function parameters. The accumulated
heat release rate curve of each cycle was fitted to the Wiebe function and the
distributions of the coefficients; “a”, “m” and burn duration were obtained. This

methodology was applied to this research.'

(P2l

However, in this research, distribution of only “a” and “m” was considered
because the burn duration was modeled with mean operating condition. Therefore,
when conducting the curve fitting, the burn duration of cycles in same experiment
condition was fixed as averaged burn duration. The obtained distribution of two
parameters are shown in figure 3.10 and 3.11. These probability distributions were
divided into 10 sections each and combined into 10 by 10 probability map for
combination of “a” and “m”. The probability map is shown in figure 3.12. The
resulted 100 of combinations of “a” and “m” were used to simulate the pressure

trace with cyclic variation at each condition.
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3.2 Criteria for knock determination

3.2.1 Ignition delay estimation

Because the auto-ignition is known as the necessary condition for knock, the
ignition delay should be estimated to determine the possibility of knock
occurrence. As mentioned in Chapter 1.2.1, there are models that consider various
factors affecting combustion such as EGR, equivalent ratio and octane number.
However, since those factors were net considered in this research, simplified
Cho’s model in equation 3.11 was used with calibration.

T=691%10"° (;)_1'9 exp (22) (3.11)

Actual knock onset was obtained by developed deep learning model with

measure pressure trace. For the optimization method, the genetic algorithm was

used because the order of coefficients was so different that the general

optimization methods tended to be induced to local optimal point. The calibration

result is shown in figure 3.13. The detailed specifications of optimization
parameters are informed in the table 3.1.
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Table 3.1 Parameters for the genetic algorithm

Optimization . ]
Method Genetic Algorithm

Population 1,000
Crossover 0.7
Mutation 0.3
Tolerance le-4

Generation limit 25

Objective function RMSE
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3.2.2 Mass burned fraction and knock onset

In general circumstances, it is thought that auto-ignition would occur when
the ignition delay is over. However, in case of knock determination, there may
occur a situation that no remaining unburned gas exists at the end of ignition delay.
In other words, the ignition delay only informs when the auto-ignition would
occur, but does not gives whether it occurs or not. Furthermore, Livengood-Wu
integral keeps accumulating the inverse of ignition delay regardless of existence
of unburned gas. Therefore, the integral value often reaches unity even under low
load condition as in figure 3.14. So, the additional criterion is required for knock
determination.

Since knock can occur only if the unburned gas exists, it was thought that the
MFB value at knock onset could be the additional criterion. In figure 3.14, it can
be found that the predicted knock onset timing was advanced faster than the MFB
85 timing was as knock incidence increased. Even under low knock incidence
condition, the predicted knock onset became later than the MFB85 timing.

Thus, it was decided that the knock occurred if the MFB value at the
predicted knock onset was below a certain value, and vice versa. In order to
determine proper threshold value, the distribution of MFB value at knock onset
was identified as demonstrated in figure 3.15. It was found that the probability of
knock occurrence decreased stiffly after MFB80 timing and the probability was
even less than 5 % after MFB 85. Therefore, both MFB80 and MFB85 were tested
for determine threshold value. The result will be present in the next chapter.
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Chapter 4. Result and discussion

The obtained EMS data at each experiment condition were put into the
developed model as input values. By using the predicted in-cylinder pressure and
ignition delay model, the MFB and knock onset were also predicted. As
mentioned in the chapter 3.2.2, the correlation between predicted knock onset and
MFB80/85 was scattered in figure 4.1. The blue dots represent the experiment
cases with normal operating condition, with knock incidence less than 3 %. The
red dots mean the knock-prone condition, with knock incidence more than 25 %.
It was found that both MFB80 and MFB85 seemed to be appropriate threshold for
distinguishing knock-prone and non-knocking condition, but MFB85 appeared to
be a bit better for conservative knock avoidance control.

To validate the model with the threshold of MFB85, the prediction of the in-
cylinder pressure with cyclic variation was conducted for each operating condition
using the method in Chapter 3.1.4. With each pressure trace, the knock onset and
MFB85 timing were calculated and compared to determine knock occurrence. The
examples are shown in figure 4.2. The red colored combination means the knock-
prone condition and the blue colored is non-knocking combination.

Figure 4.3 describes the method to estimate knock incidence with the
probability map of each parameter combination. A value of 1 was given for the
red region (knock-prone region) and 0 was given for the blue region (non-
knocking region). This binary knock occurrence map was multiplied with the
probability map of the Wiebe parameters as equation 4.1. f is probability of
combination with i th “a” value and j th “m” value. 6(i,j) is O or 1 regarding the

knock occurrence with i th “a” value and j th “m” value.

Knock Incidence = ¥,; %.; f (i,j)8 (i, /) “4.1)
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In this way, the knock incidence under each operating condition was
estimated. As shown in figure 4.3, the prediction results were highly correlated
with actual knock incidence and can be concluded to be accurate. The accuracy
was deteriorated under weak knock condition with knock incidence less than 20 %.
However, because the weak knock is not critical to engine durability, this failure
of prediction was thought to be acceptable.
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Chapter 5. Conclusion

In this research, a knock prediction model for a spark-ignited engine was
developed. For the application to mass-production engines, the developed model
takes the inputs such as available sensor signal or operating parameters from only
EMS. Furthermore, considering the application to real-time control of operating
parameters, the fast prediction was required. Therefore, the models was
constructed in zero-dimension.

As the knock phenomena is quite sensitive to specific engine and operating
condition, the precise prediction of in-cylinder pressure under various operating
condition was essential. Therefore, the engine test was conducted to obtain back
data for developing the pressure prediction model. The used engine was a single
cylinder Sl engine with CVVT module. For operating variables, the fuel rate,
spark timing and valve timing was selected. The acquired pressure trace was used
to calculate the combustion characteristics such as heat release rate, burn duration
and heat loss.

Pressure prediction model consisted of three steps; initial gas state at IVC,
compression process and combustion process. For the initial gas state, the
correlation between the intake manifold and in-cylinder pressure was established
with engine speed and valve phase. In order to calculate the initial temperature,
trapped mass at IVC was estimated with air, fuel and residual gas. The air mass
was calculated with air-fuel ratio and fuel injection rate.

For the residual gas fraction, existing 0-D model was modified and calibrated.
Back data for calibration was obtained from a 1-D simulation model by GT-power
software. The geometry of model was adjusted to precisely simulate the gas flow
in the manifold and cylinder. The implanted combustion model was calibrated to
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match measured pressure. Following this procedure, the RGF values for 1200
different conditions were obtained.

The compression was assumed to be the polytropic compression process.
Thus, the polytropic index during compression was estimated considering specific
heat ratio, compression ratio and engine speed. The specific ratio was calculated
with the initial temperature and coefficient table for polynomial for specific heat.

The combustion pressure prediction, the concept of representative heat
release curve was applied. The calculated heat release from experiment was
normalized by burn duration and net heat release. The obtained curves were fitted
to one normalized Wiebe function. In order to conduct de-normalization of the
representative curve to actual heat release rate, modelling on the burn duration
and heat loss was also carried out. As a result, by inversing the heat release rate
to combustion pressure, the in-cylinder pressure was estimated accurately under
various conditions.

The cyclic variation was simulated with the variation of the Wiebe function
parameters. Distribution of each parameter was analyzed in terms of probability
density function. By combining those probability, the representative probability
table was generated for an engine.

Estimation of ignition delay was essential for predicting knock occurrence.
Therefore, a 0-D ignition delay model was calibrated with experiment result.
Measured pressure and calculated unburned gas temperature was used for model
calculation. For calibration, actual knock onset was collected by using a knock
onset determination model. Because the ignition delay model consists of
exponential terms and the coefficients have various order, the genetic algorithm
was applied to optimization.
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However, the ignition delay only gives the onset of auto-ignition, not the
occurrence of auto-ignition. Thus, the mass fraction burned was used as an
additional criterion for knock determination, considering the maintained mass of
unburned mixture.

With both models and criterion, the possibility of knock at each condition
was estimated and it was possible to distinguish the knock-prone condition from
normal operating condition. Furthermore, the model was validated with the
simulation for cyclic variation. The model prediction result showed accurate result
on estimating knock incidence, which was judged that the developed model
showed reliable result at various condition. Therefore, the developed model is
thought to be applicable for actual engine operation after additional calibration to
each engine.
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