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“So much good, so much evil. Just add water.”

~Markus Zusak, The Book Thief



Abstract

Increasing the efficiency and performance of internal combustion engines is always of interest in
the automotive industry. One limiting factor to achieve this in gasoline combustion engines is the
ignition timing which can not always be set where optimal ignition efficiency and performance is
obtained. This is due to the knock phenomenon which is an abnormal combustion process that
can damage the engine. Due to knock, a feedback controller which sets the ignition timing at
the best possible value without the risk of harming the engine is required. In this thesis, a stat-
istically driven knock intensity simulation environment based on the Burr Type XII distribution
model was set up. In the simulation environment, different stochastic knock feedback controllers
were implemented along with background noise estimation techniques used in the knock detec-
tion system. The feedback controllers were evaluated against the conventional knock controller
commonly used in today’s engines in terms of ignition angle and transient response. The res-
ults from the simulation environment showed that a more advanced mean ignition angle can be
achieved with stochastic based knock control strategies with the same knock-rate and without
lessening the fast transient response achieved from the conventional strategy. To evaluate the
results, some of the controllers were implemented in a four cylinder two-liter four stroke Volvo
engine with similar results.
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“Only those who will risk going too far can possibly find out how far one can go.”

-T.S. Eliot
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Chapter 1

Introduction

1.1 Background

Fuel efficiency, engine performance and engine durability are always in need of improvement.
Therefore a continuous development and investigation in improving the combustion process lies
in interest for automotive developers. The limitation on combustion efficiency due to engine
knock is well known and a closed loop control is indisputably required to maintain engine health
and prevent engine failure. Such systems have been used in production vehicles for over 30 years.
However, the control strategy and knock sensor treatment has remained relatively stagnant in
improvement. Several publications have suggested new types of knock control algorithms that
challenges the conventional strategies and indicates a potential for improved engine efficiency
and performance.

1.2 Problem formulation

For internal combustion engines, optimising the spark timing is an important factor to maximise
the engine power output, thermodynamic efficiency and fuel economy. However, the optimal
spark advance is often not achievable due to the occurrence of knock. Therefore, a trade off is
required in engine control where a spark advance that leads to Maximum Brake Torque (MBT) is
weighted towards avoiding knock that can damage the engine. Knock occurs when a significant
portion of the end-gas ahead of the flame front spontaneously ignites due to high in-cylinder
temperature and pressure . By retarding the ignition angle it is possible to influence how the fuel
is burnt in relation to the crank rotation, thus affecting the in-cylinder pressure and temperature.
Knock control can be a challenging task due to the difficulty in handling the knock phenomenon
and the stochastic characteristics of the combustion process. By implementing a knock event
generator in Simulink, hopes are that an improved knock control strategy that increases engine
efficiency can be developed.

1.3 Purpose and goals

The purpose of this thesis is to investigate knock in spark-ignition (SI) gasoline engines, more
specifically, a four cylinder 2 litre four stroke Volvo engine. Since knock control systems in
production vehicles have remained relatively traditional there lies an interest to investigate if
improvements can be made by studying the phenomena and researching recent publications. The
main goal of the thesis is to develop a closed loop knock control system that improves engine
performance and fuel economy without increasing the overall knock intensities.
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1.4 Approach

To achieve the main goal of the thesis, the following objectives will be carried out:

e Extensive research of the knock phenomena followed by further research on knock simula-
tion techniques and knock control strategies.

Set up a simulation environment in Simulink to analyse close loop knock control strategies.

Develop techniques that can estimate background noise of an engine.

Develop one or more prototype knock control softwares for engine tests.

Quantify benefits and disadvantages compared to the traditional approach.

Quantify fuel economy benefits when using an improved knock control strategy in a sim-
ulation environment.




Chapter 2
Related Research

This chapter contains theory regarding the knock phenomena. Different techniques used to both
simulate and control knock will also be presented.

2.1 Knock

To understand the knock behaviour of a four stroke Sl-engine, a normal combustion process
needs to be explained. A normal combustion occurs when a spark plug ignites the compressed
air-fuel mixture inside an engine cylinder. This results in a flame centre that grows into a turbu-
lent flame that propagates through the cylinder in a normal velocity until it reaches the cylinder
wall [1].

Knock is an abnormal combustion that originates from auto-ignition of the yet unburned
end-gas (air, fuel and residual gas mixture). Heywood presents a thorough description of the
knock phenomenon [1]. In short, the propagating flame ignited by the spark plug compresses
the end-gas which causes a pressure and temperature increase inside the cylinder. Auto-ignition
occurs when regions in the end-gas are compressed to a sufficiently high pressure for the mixture
to spontaneously react. Some regions in the end-gas have a chemical composition that leads to
them having a shorter time for induction, which means the time for oxidation to start. It is in
these regions auto-ignition start and thus, auto-ignition does not occur uniformly in the cylinder
but locally in in these so called exothermic centres [1]. In Figure 2.1, a demonstration of what
happens during one of these unwanted auto-ignitions can be seen.

Cylinder

Spark plug

Burned gas
region

Auto ignition
region

@ (b)

Figure 2.1: Top view of cylinder that illustrates the spontaneous auto-ignition of a knocking
combustion. Reproduced with permission from [2].
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These unwanted combustions of the end-gas occur in a period of around 1° CA (crank angle)
and generates a shock wave, which origins from the detonation spot and bounces back and forth
against the cylinder walls. The shock wave locally increases the pressure as it moves across the
cylinder chamber which in turn emits an audible, pinging sound. If left uncontrolled, repeated
knock cycles can cause serious damage to the engine and result in engine failure [1, 2]. These
pressure oscillations can be seen in Figure 2.2.

x 108 No knock x 10%  Slight knock x 106 Severe knock
" Oscillations
7 - 7t . 7+ 9 W 1
Oscillations
6 g 6 . 6

Cylinder pressure [Pa]

1 1 1 1 L
=20 0 20 40 60 -20 0 20 40 60 -20 0 20 40 60

Crank angle [deg] Crank angle [deg] Crank angle [deg]

Figure 2.2: Pressure curve for three different combustions in the same operating condition. It
illustrates the stochastic nature of the combustion as well as the pressure oscillations
that is associated with the knocking sound. Reproduced with permission from [2]

2.2 Knock Signal Treatment and Detectability

To control knock in an SI engine, it is important to have a well performing knock detection
system to properly determine if a knocking cycle has occurred. Therefore, different knock detec-
tion methods has been presented which uses a broad range of sensors ranging from microphones
recording engine acoustic emissions to accelerometers measuring engine vibrations and pressure
sensors measuring in-cylinder pressure [3].

The selection of a knock sensor is a race between cost and acceptable ability to detect knock.
In-cylinder pressure sensors are an effective knock detector but their cost and reliability often
prevents their use in production. A cheaper and more robust alternative can be achieved by
using one or more accelerometers placed on the engine block. When knock combustions occur,
vibrations from the pressure oscillations inside the cylinder can be measured outside the cyl-
inder by the accelerometer to detect a knocking cycle [4]. Each cylinder can be isolated from
the knock signal to determine in which cylinder the knock occurred. This makes it possible to
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control spark timing individually in each cylinder which is favourable from a control perspective.
Since the accelerometer measures vibrations on the engine block which is connected to several
mechanically moving parts, it is susceptible to noise. To minimise its input to the detectability
of knock, sensor placement and signal treatment play a big role.

By placing the accelerometer on a stiff location on the engine block, vibrations caused by
knock transmit well to the sensor. Placements which react with a significant motion to vibra-
tions are sensitive to noise. Advised placements of the accelerometers are therefore low on the
engine block and axially centred [5].

To minimise noise the knock signal can be treated by introducing filters and select crank-
angle windows for detection. Since the accelerometer senses vibrations on the engine block, it
can be affected by vibrations caused by piston slaps and valves closing in other cylinders. To
avoid these effects, a crank-angle window can be implemented around 10° after top dead centre
(ATDC) to around 50° ATDC for a four-cylinder-in-line engine [4]. Frequency band filtering are
commonly used to aid knock detection and analyse the signal gathered from the accelerometer.
It is often tuned to pass the resonant frequencies caused by the vibrations of knocking combus-
tions. These resonant frequencies can be found using time-frequency analysis by studying the
spectral energy density of the signal from the accelerometers [6].

2.3 Knock Control

For ideal engine performance and efficiency, spark timing should always be set at MBT (max-
imum brake torque) timing. This is not realistic in all operating conditions since it will induce
knock combustion events which has the ability to rapidly damage the engine. To avoid continu-
ously repeating knock cycles, retarding the ignition timing is the mostly used control strategy
in the industry today. Retarding the ignition timing from MBT affects the initiation of the
flame propagation. This will lead to a lower temperature and pressure inside the cylinder and
thus, decrease the probability of knock [1, 2, 7]. The disadvantage with spark retardation is
its negative effect on engine performance and efficiency. Therefore, an advance towards MBT
in ignition angle is desired while still maintaining an acceptable knock probability. Torque as
a function of ignition angle has the typical characteristics of a second degree polynomial, see
figure 2.3 [2].
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Figure 2.3: Curve that illustrates how torque relates to ignition angle. MBT is the maximum
brake torque the engine can produce given a operating point. 0° represent TDC.
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For operating conditions limited by knock, a knock feedback controller is initiated to control the
engine knock rate to detection borderline (DBL) by controlling the ignition timing. DBL-timing
is defined as an ignition timing where 1% of the combustion cycles is classified as a knock com-
bustion [8]. Spark timing, or spark advance, is in this report defined as negative before TDC
and positive after. Thus, the general spark timing control can be expressed as follows:

Gign = max(eol, 0, + Aeﬂ,) (21)
were 6, is an open loop ignition control whose main purpose is to be equal to the optimal

ignition timing achieved at MBT timing and A6y, is the knock feedback control compensating
the spark timing in knock limited operating points [2].

TDC

BDC

Figure 2.4: This is a illustration that shows relevant engine geometry from [2], reproduced with
permission.

Figure 2.4 shows the geometry in a cylinder. The crank angle is here defined as positive after
TDC and is used as reference for the ignition control structure shown in (2.2). In cases where re-
lative ignition angle is shown, ignition relative to DBL-timing will instead be shown. This means
that a positive value corresponds to a more advance ignition angle relative to DBL-timing.

2.3.1 Commonly used control algorithm

The conventional knock control strategy commonly used in production engines is a binary con-
troller that adjusts the spark timing each combustion cycle. If a knocking cycle has been
detected, the spark timing is retarded. If instead a cycle where no knock was present, the spark
timing is advanced. The following equation summarises the feedback knock controller (2.2).

Abpy(i + 1) = A0y (i) + Koq — KpeDy, (2.2)

where K,q is the advance gain, K. the retard gain, D} indicates if a knock cycle has been
detected and 6y, holds the last state of the feedback controller. This controller is a part of the
ignition control of the engine and ensures that ignition timing wont appear before the optimum
spark timing that results in MBT. The advantages with this controller is that it is effective
against repeated knocking cycles and its controller gains can be tuned such that a target knock
probability is met [2, 7].
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2.3.2 Statistically Based Control Algorithms

The traditional approach responds deterministic to each cycle. This means that if a knocking
cycle is detected, the ignition angle is retarded for the next coming combustion and the other
way around if no knock is detected the ignition angle is advanced. Therefore, the spark will be
shifted back and forth around the knock limit and is in a sense ”overactive”. Leading to an aver-
age spark timing that on average is lower than the knocking limit. A series of publications have
proposed an alternative approach that only makes spark adjustment when there is statistical
evidence to do so. Peyton et al. suggested such a control algorithm that is based on cumulative
summation [9]. The algorithm compares the summation of the knock events obtained data and
the expected value of this summation given a desired knock probability.

Peyton et al. developed another alternative control algorithm, which later was tuned and eval-
uated by Thomasson et al. that uses the likelihood ratio L, (k) [10, 11]. It is based on the fact
that knock intensities are binary classified as knocking or -non knocking events. This means that
the distribution of knock events are binomially distributed regardless of knock intensity. Knock
intensity is further explained in section 3.1. This allows for a comparison of the probability of
obtaining a given number of knocking events (if the probability of knock occurrence is truly p),
relative to the same probability calculated for the knock rate that maximises the likelihood. This
means that if the likelihood ratio is close to unity, the observed data is close to the underlying
probability (typically p = 0.01). As the likelihood ratio falls closer to zero suggests that there
is a mismatch and a spark adjustment should be done, the value L, (k) = 0.4 is suggested as
threshold.

These new statistically based algorithms show promising result for long term steady state op-
eration. A mean spark angle closer to DBL-timing can be achieved compared to a traditional
controller if there is time to build statistical evidence without having the operating condition
changed. However, questions arise whether the performance will truly be improved in a drive
cycle where the engine operating point needs to be changed rather quickly and little time is
given for statistical analysis.

2.3.3 Threshold Optimisation

Peyton et al. presented a method for optimising the knock threshold to significantly improve
the closed loop performance of a conventional knock controller [12]. It is based on a stochastic
view of the combustion process and aims to find a knock threshold such that it maximises the
sensitivity to changes in the knock intensity distribution. This is shown to result in a closed loop
controller with less dispersion in spark angle and mean spark advance that is closer to DBL.
A great advantage of this method is that it only requires a re-tuning and optimisation of the
already existing control strategy.

2.3.4 Stochastic Knock Control

Wei Luo et al., (2014) proposed a stochastic knock detection (SKD) algorithm along with a
real time stochastic knock control (SKC) system. The SKC collects knock intensity information
and estimates a knock intensity distribution using an FIR (finite impulse response) filter and
log-normal distribution model, from which a knock factor is derived. This knock factor is then
compared to a number of thresholds to generate a control action. The different thresholds are
set to achieve an adaptive action that reacts more if the live-estimated distribution is far from
the measured true distribution, and smaller if it is closer. This raises interest in the power of
live estimation and its ability to characterise and classify the current ignition angle. This thesis
aims to investigate whether the Burr Type XII distribution could be used in this manner with
improved result as it is shown to more closely characterise the knock intensity.

These control and detection algorithms show prowess to increase output engine power and fuel
economy by decreasing the spark dispersion and achieving a more advanced mean spark angle
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when compared to the conventional controllers used in the industry today. This thesis aims to
investigate and analyse these proposed control algorithms and use them as a base to develop
one or a number of algorithms for improved performance.

2.4 Knock Intensity Distribution

The fact that knock intensity closely approximates a cyclically independent process has been
shown by a number of previous studies [13, 14, 15, 16]. This means that knock intensity can
be characterised completely by either its probability density function (PDF) or its cumulative
distribution function (CDF). By assuming a functional form of the distribution, it is possible to
store the parameters that characterise the function in lookup tables by evaluating distribution
parameters as a function of engine operating condition. This provide a characterisation of the
knock intensity distribution for a broad range of operation condition and can be used in order
to simulate a knocking event [17]. This method of characterising knock intensity distributions
is advantageous because minimal information is lost. Previous studies have sought to fit log-
normal or gamma distribution models [18, 19, 20, 21]. Spelina et al. raised the importance of
validation due to the fact that the result depends critically on the accuracy of the model fit and
evaluated the fit of these two models with quantitative measures [22]. When compared back-
to-back the log-normal distribution model was shown to perform overall better across a broad
range of operating conditions. The log-normal model was also critically evaluated in its own
right and in general it performed better at high and low speed but fits less well in the mid-speed
region.

2.5 Knock Simulation

A functional knock simulation is of great value when developing, implementing and evaluating
different closed loop control algorithms for knock control. There are several ways of simulating a
knock event. A typical simulation environment contains a function that simulates the combustion
process, followed by a simulation of the knock sensor. The signal from the simulated knock
sensor is then processed in a knock detection block that calculates a knock intensity. This knock
intensity is then quantified into a knock probability density function (PDF). A controller then
takes this stochastic metric as input and makes controller actions in form of adjusting the spark
timing. For a more in depth explanation of a typical knock simulation environment, see Peyton
[17].




Chapter 3
Theory

In this chapter, relevant theory behind probability distribution fitting and statistical metrics
that later will be used for the simulation environment will be presented. In depth explanations
behind the knock control strategies and knock detection systems used in the thesis will also be
explained.

3.1 Knock Detection

There are different ways to determine if a knock event occurred or not each combustion cycle.
In this thesis, knock will be detected from a knock intensity signal which consists of a fraction
between a knock power signal, which is a processed signal from the accelerometers on the engine
block, and a noise signal. The knock power signal can be produced in different ways, see section
2.2. The noise signal is used to eliminate undesired rattling and noises caused by the surrounding
environment of the accelerometers. It also normalises the signal in such a way that tolerances
of the individual accelerometer output gain (mV/g) is compensated for. Knock intensity, also
referred as normalised knock power, is calculated as in (3.1) were 1 is the knock power signal
and ¢ is the estimated background noise.

kr="2 (3.1)

3

By normalising the knock intensity, the knock threshold will be less dependent on engine oper-
ating conditions. A well functioning estimation of the noise signal is important since it affects
the detectability of knock. If it estimates to low values, normal combustion cycles run the risk
of being detected as knock events which will affect the knock control feedback. If it instead
estimates to high values, knock events wont be registered which might end up in engine failure.
Different methods to estimate noise can be used. In this thesis we propose two methods which
will be further described below.

3.1.1 Low-pass filter

A simple way of calculating the background noise level of the engine is to use a modified recursive
average calculation of the knock power signal. Since it is not desirable to store a lot of data,
a recursive average algorithm is used that only requires the previously calculated average value
and the current knock power. By letting the average knocking power be denoted by );, the
previous average knocking power be v;_; and the current knocking power be 1; it is possible to
formulate the following expression to estimate the background noise:

&= i;ﬂ% = i1+ Yi— Wi (3.2)

n

10
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Where n determines the impact of the next sample.

3.1.2 Fixed-step Background Noise Estimation

To eliminate the rising noise effects that can occur when recent knock intensity amplitudes are
above or just under the knock limit, a fixed-step background noise estimation method can be
used. This method does not let different knock power amplitudes affect the background in
different strengths. Instead it only checks if the current knock power signal is higher or lower
than the current background noise signal. The increments or decrements on the background
noise is independent of the magnitude of this difference and adjusts with fixed steps. The steps
lengths is a tuning parameter and controls how fast background noise can adjust whilst still
being able to predict the background noise well. The estimator can be described in (3.3) where
¢ is the background noise, 1) is the knock power from the accelerometers and k.4, determine the

step size.
. . g(i)'i'kad') ¢>§
i) = { £() — gy, ¥ <& (8:3)

3.2 Stochastic Process Analysis

To get a grip of the statistical properties of knock intensities occurring in the engine cylinders
each cycle and the ability to predict knock, its cyclical dependencies can be analysed. A num-
ber of previous studies have shown and stated that knock intensity is a cyclically uncorrelated
process and can therefore be seen as a stochastic process [13, 14, 15, 16]. This provides evidence
that knock intensity is difficult to predict and set up physical knock intensity models.

The knock intensity signal measured by the accelerometers from the engine test is shown in
Figure 3.1. Although the same conditions in load, engine speed, (A/F)-ratio and ignition angle

35¢ 0,4y =DBL+ 1.4 1 3.5 fgn=DBL- 16| 7

3 3
25+ 25
T 2
15
4

05 1

0 100 200 300 400 500 600 0 100 200 300 400 500 600
Samples Samples

Figure 3.1: Knock intensity signal from two different ignition angles. The ignition angles are
presented as ignition angle relative to DBL-timing were 0;4, = 2.4 refers to an
ignition timing 2.4 CA more advanced than DBL-timing and thus, more prone to
cause a knock event.

is held constant during the tests, knock intensity feedback from the accelerometers are visually
noisy and unpredictable in both cases. The ignition angle dependency on knock intensity is
clearly seen in Figure 3.1 were the more advanced ignition angle measures significantly higher
and more frequent peaks in knock intensity.

In order to specify that knock intensity is a cyclically uncorrelated process, a scatter plot of

11
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knock intensity for current combustion cycle against last combustion cycle can be made to ex-
amine if any linear patterns exists. A more rigorous test to study the cyclic behaviour could be
done with an autocorrelation analysis. The autocorrelation analysis measures the predictability
of knock intensity for a larger span of cycle lags. The autocorrelation R, (k) can be calculated
using (3.4).

i (wi = @) (wien — )

Ry (k) =
DARNCIE f)Q

(3.4)

were N is the amount of data samples in the set, k is the amount of cycle lags considered, T is
the knock intensity mean and z; is the i:th data sample in the data set.

3.3 Probability Distribution Fitting

The aim of the distribution fitting is to estimate a model that is able to predict and characterise
the knock intensity phenomenon, given an operation condition and a spark angle. Data reveals
that large values of the knock intensity tends to be further away from the mean than small
values. This is typical for a skew distribution with a positive skewness, also referred to as a
‘'skew distribution to the right’. For these types of distributions a number of distribution model
types can be suitable. As mentioned in section 2.4 previous research suggest using a log-normal
distribution. In this thesis the Burr Type XII distribution model is evaluated along with the
more common log-normal distribution model.

3.3.1 Burr Type XII Distribution Model

The Burr Type XII distribution is a continuous probability distribution for a non-negative
random variable. It has the cumulative distribution function (CDF):

Fz|a,c,k)=1- (3.5)

where x denotes the knock intensity, ¢ and k are shape parameters and « is the scale parameter.
It is defined for @ > 0, ¢ > 0 and k£ > 0. The probability density function (PDF) is given by:

ke (ﬁ)cfl
flx]a,ek) = —4—%
(1+(3))
To estimate the parameters «, ¢ and k the Maximum Likelihood Estimation (MLE) is used.
MLE is the parameters 6 that maximises the likelihood function L () given by:

(3.6)

L(0) = f(x1,22,....,2s | 0) (3.7)

Where ’f’ is the probability density function and ’0’ is the parameter being estimated. In other
words:

0 = arg max L(0) (3.8)
0

is the best estimate of the parameter 6. Since the knock intensity x1, xs, ..., z,€R are random
and independent identically distributed, the likelihood function can be written as:

n

LO)=]]f(:0) (3.9)

i=1

By taking the gradient of the natural log of the likelihood function with respect to the parameters
that are to be estimated, namely «, ¢ and k, and setting the right hand side equal to zero. It

12
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is possible to find the parameters &, ¢ and k that maximises the function. The log-likelihood
function can be expressed as:

to(asfae ) =n-in () + c—lZl (%)
_iln(1+<z)c)—kZln(l—k(xH-a)c)

i=1

(3.10)

In this thesis the parameters &, ¢ and k were estimated by using a non-linear programming
solver. This was done in MATLAB using the solver frinsearch.

3.3.2 Log-normal Distribution Model

The log-normal distribution is a probability distribution for positive variables whose logarithm
has a normal distribution. The CDF for a log-normal distribution is calculated as:

x (| p,0)= %erfc (—ln:\/i”> (3.11)

where x is the knock intensity, 1 and o determine the shape of the distribution and er fc is the
complementary error function expressed as:

erfe(z) =1—erf(z) (3.12)
and erf(x) is the error function:
erf(z) = / Pt = 7t2dt (3.13)
—x f 0
The PDF of the log-normal distribution can be written as:
-1/2 1(z— M)2
x (| p,0) = (270) eap| =53 (3.14)

To estimate the shape parameters p and o of the log-normal model the MLE approach is used
similar to how it is applied for the Burr type XII model. The likelihood function is given by

n

L(l’l,xz,-..,l'n | /1/30—) = f(x17"'7xn | /1'70—> = Hf(ml | /1'70—)

i=1
—r 1<

= (2m0?) 2 exp (W Z (w; — M)2>
i=1

By taking the partial derivative of the natural logarithm of the likelihood function with respect
to p and o2 and setting the right hand side equal to zero it is possible to find the i and 2 that
maximises the log-likelihood function. The log-likelihood function is

(3.15)

1 n
Uz, 22,y | p,0°) = fgln (2m) — Eln ~ 5,2 Z (3.16)

The resulting parameters i and & that maximises the likelihood function (3.14) is given by the
following expressions:

l
" 2 (3.17)
- g '
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3.3.3 Knock Intensity Error at the 95th Percentile

A critical measure is to quantify the modelling error at the tail of the distribution, in particular
for closed loop control systems. This is due to the fact that conventional and as well as most
suggested controllers in section 2.3 act on the binomially classified knock events that occur at
high values of knock intensities (in the tail of the distribution). To quantify how well the model
describes the knock intensity at this critical portion, the error Err(xg.95) in the 95th percentile
knock intensity have been used broadly, see [20, 22]. It is expressed according to:

Err(zo.95) = |F~1(0.95) — F~1(0.95) (3.18)

Where F~! is the inverse of the CDF calculated for the data and F~! is the inverse of the
estimated model CDF. Spelina et al. suggest using the percentage intensity error since these
errors depend on the gain of the sensor [22]. The more appropriate suggested metric of the
percentage intensity error is simply calculated as:

F~1(0.95) — F~1(0.95)

%ET’T(IQ_95) = F—l(O 95) x 100 (319)

3.3.4 Probability Error at Knock Event

By expressing the probability error in vicinity of the threshold knock intensity it is possible to
get a measure of how wrong the PDF is at this point. It is common practice to set the boarder-
line knock limit to where one percent of the combustions are regarded as knocking. Thus the
probability error at knocking event can be written as:

Err(po.o1) = |p —pl = | f(wen) — f(zen,0) (3.20)

Where x5, is defined as the knock intensity threshold and 6 represent the estimated model
parameters.

3.3.5 Kolmogrov-Smirnov Test Statistic

A fit for the distribution as a whole can be found testing how well the empirical CDF from
measured data and model conform. This can be done with a Kolmogorov-Smirnov (KS) test
statistic. It provides a rigorous method for testing whether the distribution is consistent with a
complete set of data by rejecting the hypothesis of the specified distribution at the significance
level « if the test statistic D exceeds a critical value. The critical value can be found in tables and
are dependent on desired significance level as well as the amount of gathered data points in the
set. The test statistic itself (often referred to as KS distance) is the supremum of the absolute
error between the modelled CDF and the CDF calculated from data according to (3.21). [23]

D =sup |F(z) — F(x,0) (3.21)

Where x is the measured knock intensity and @ is the estimated model parameters of the specified
distribution CDF function.
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3.4 Knock control

The overall goal of any knock controller is to avoid potentially damaging or NVH (noise vibration
harshness)-inducing knocking events. Under this chapter, some of the knock control strategies
presented in chapter 2.3 which will be implemented and tuned in the simulation environment
will be further described. The knock controllers will result in the feedback part Afy, of the
ignition timing controller in (2.2).

3.4.1 Conventional Controller

A common knock controller widely used in the automotive industry today is here named as
”conventional knock controller”. It’s a robust and simple deterministic control strategy that
conversely advances the spark timing if no knock is detected and aggressively retards the spark
timing if a knock is detected. This control algorithm is therefore often referred to as a ”slow
advance fast retard” strategy. The controller can be summarised by following equation:

Bign (i) = { Gign(% — 1)+ kaaw Non knocking cycle (3.22)

Oign(i — 1) — ket  Knocking cycle

were kqq, and ky.e; is controller gains determining ignition angle advance and retard respectively.
These parameters can be tuned to match a desired knock probability by evaluating following
expression:

kadv(l _P) = kretp (323)

Which can be rewritten as »
L—=p
were p is the desired knock probability. The output of the conventional knock controller for an
operating point, limited by knock, can be seen in Figure 3.2.

kadv = kret (324)

05 ]

-05 1

Relative ignition angle

25 1 1 1 1 1
0 200 400 600 800 1000 1200

Combustion cycles

Figure 3.2: Characteristic behaviour of a conventional knock controller.
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3.4.2 Cumulative Summation Based Control

A cumulative summation based knock controller has the advantage that is takes into account
that knock is as a stochastic process. If a knock is detected, it only reacts and adjusts the spark
timing if a specified threshold is breached. The controller builds its own statistics each cycle
without the need of large data buffers that saves data from previous cycles. Instead two variables
are updated simultaneously in each combustion cycle. These variables are a reference knock
probability (EK) and a live knock probability (K P) which strives to be equal to the reference
to achieve DBL spark timing. The reference knock probability adds the desired probability each
combustion cycle and will then increase linearly each cycle based on the given probability. The
live knock probability is a knock counter and will instead behold the ”real” knock probability
for the current operating point. If a knock is detected, this variable is added by 1 and cycles
without knock its held constant. This knock probability is summarised as

KP(i) Non knocking cycle

KP(Z) +1 Knocking cycle (3.25)

KP(iJrl){

Algorithm 1 Pseudo code for the cumulative summation controller executing each combustion
event
1: increment EK by pges
2: if knocking then
3:  increment K P by 1
end if
if KP > (EK + highy,) then
retard spark angle
set FK =0
set KP=0
else if KP < (EK — lowy,,) then
10:  increase spark angle
11: set EK =0
12 set KP=0
13: end if

A region around the desired knock probability is created by upper and lower thresholds from
the desired knock probability. If the actual knock probability reaches outside this region, a spark
adjustment will be made and both the desired and the actual knock probabilities will be reset. If
the upper threshold is met, knock probability is too large and a retardation in ignition angle will
be made. if the lower threshold is met we have a ignition angle that is unnecessarily retarded and
should therefore be advanced. A simple algorithm for this knock controller is seen in Algorithm
1. Figure 3.3 graphically shows how the controller is supposed to act. The difference is that EK
where not reset to zero when the control boundaries were breached and instead K P were set
equal to EF K for presentation purpose. The linearly increasing line is dependent on the desired
probability and the red line, describing KP, is calculated by the expression
KP = %m. To further develop this control strategy, its controller gains can be
scaled with the likelihood ratio of knock described in section 3.4.3 with the factor (1 — Ln), were
Ln is the likelihood ratio. Thus, the controller must be convinced by two statistical metrics to
perform larger steps in ignition angle. Another add-on to speed up the controller is to decrease
the length to the lower boundary in the case of repeating spark advances. When the upper
boundary later is breached due to frequently repeating knocking cycles, the lower boundary is
reset to its normal value. this would speed up the controller to find DBL-ignition in case of an
initially retarded spark angle.

16



CHAPTER 3. THEORY
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Figure 3.3: A cumulative summation knock controller with desired knock probability p = 1%.
The dashed lines visualises the upper and lower boundaries of the controller and
the circles are plotted if a spark adjustment were made.

3.4.3 Likelihood Based Controller

As already mentioned in section 2.3, the resulting knock intensity from each combustion is either
classified as knock or non-knocking in case it passes a certain threshold. This means that the
knocking events are defined as binomially distributed regardless of knocking intensity and has
the probability mass function

n

patt) = ()t - (3.26)

This evokes thoughts about using this in a control strategy. However, for control purposes
this calculated probability unfortunately has very little usefulness. For instance, if the target
knock rate is p = 1% and only one knock has been observed during the last 150 cycles the
probability of that occurrence is p150(1) = 33.56%. Only one knock during 150 combustions
implies a spark advance could be done, however the probability of observing one knock during
100 cycles p1oo(1) = 36.97 % is very similar. A more useful measure is a likelihood ratio where
the probability of a outcome with underlying probability of p = 1% is compared to the knock
rate Prmae = k/n that maximises the likelihood.

ph(a—p)" "
pﬁzaw (1 — Pmasz

Ly (k) = (3.27)

)nfk

The likelihood ratio will be close to unity if the spark advance is such that knocking combustions
occur at roughly 1% of the combustions, thus implying that that the actual knock probability is
close to the target knock probability. A likelihood ratio that falls to zero suggests that a spark
adjustment should be done. This property gives a good measure of how far off the current spark
adjustment is compared to DBL and can thus be used to scale the gain parameters with the
factor (1 — Ln).

Since the control algorithm relies on statistical evidence to make advance actions poor controller
performance is to be expected when the spark angle is unnecessarily retarded. This provoked a
fast forward improvement has been proposed by Peyton et al. and was later evaluated and tuned
by Thomassson et al. [10, 11]. This fast forward algorithm has been adopted. An alteration has
been made to the proposed method on making the performance robust for longer steady state
operation. The pseudo code for the controller is described in algorithm 2. The fast forward
part is executed by adding non-knocking cycles as a function of previously consecutive spark
advances. This is done through the cycle count after spark advance (k0) vector with the spark
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advance counter (SAC). During long steady state operation without spark adjustment a large
number of knocking events needs to occur to lower the likelihood-ratio enough to trigger a spark
retardation. To prevent this, a limit is set on the number of knocking events and the number of
non-knocking cycles are reduced (see line 9-12 in algorithm 2). Figure 3.4 illustrates likelihood-
ratio curves for different amount of knocking events and figure 3.5 shows the fast forward part
of the the controller from simulation and figure 3.6 shows the fast retardation response.

0 knock

0.9 1 knock )
2 knock

0.8 3 knock ]
4 knock

0.7 — — —Ln threshold

©
o

Likelihood ratio
o o
N ()]

o
w

©
o

0.1

0 100 200 300 400 500 600 700 800 900 1000
cycle number

Figure 3.4: Likelihood ratio as function of cycle number for different amount of knocking events.
For 1 knock event unity is at 100 cycles since the target knock rate is set to 1 %. If
the likelihood-ratio falls below the threshold at 0.4 a action will be triggered.

The live likelihood ratio will follow one of the curves shown in figure 3.4 depending on the
number of knock events. If for instance two knocking events has occurred in 120 cycles, the
likelihood-ratio would be around 0.7 (yellow curve). If the following cycle would have been a
knock event, the ratio will take the value around 0.35. This would then trigger a spark retard
since it is below the specified threshold. If instead 2 knocking events has occurred and the cycle
count surpasses 455 cycles, a spark advance will be triggered.
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Figure 3.5: Demonstration of the fast forward part of the Likelihood-based controller algorithm
for 2000 rpm 500 mg/stk condition when the initial spark is unnecessarily retarded
(from simulation). When advances occurs the SAC and k0 will decrease the amount
of cycles required to make an advance. Since this keeps the Ln-ratio low the al-
gorithm will respond quickly to a knock.
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Figure 3.6: Demonstration of the fast retard response part of the Likelihood-based controller
algorithm for 2000 rpm 500 mg/stk condition when the DBL is shifted backwards
by 1 deg after 1000 cycles. The algorithm keeps KEC at 4 and subtracts cycles
from the likelihood calculation which results in a lowered ratio that triggers a spark

retardation.
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Algorithm 2 Pseudo code for the Likelihood controller

Initialise Knock Event Counter KEC=0;
Initialise Spark Advance Counter SAC = 0;
Initialise cycle count n = 0;
Initialise Cycle count after spark advance k0 = {0, 20,40, 60}
Lnthr =04
if Knock then
KEC = KEC+1;
SAC = 0;
if KEC > 4 then
KEC = 4;
n = n-100;
end if
. end if
if SAC # 0 then
Pz = KEC/(n+ kO(SAC));
: else
Praz = KEC/n;
: end if
: Ln = L(n+k0(SAC));
if Ln < Lnyy,, then
if Pa: < target rate then
SA = kadv(l — Lﬂ),
SAC = min(SAC +1,3);
else
SA = kpet(1 — Ln);
SAC = 0;
end if
KEC = 0;
n=0;

: end if
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3.4.4 Threshold optimisation

The aim of the knock control algorithm is to prevent engine damage and to reduce the audible
pinging noise that occurs when knock intensity levels are too high. Thus, knock intensities are
usually classified as knocking or non-knocking by some set threshold. This classification is then
used in the feedback loop to make spark adjustments. There exists different strategies to define
a appropriate threshold. The typical method is to set a threshold such that 1% — 4 % are
classified as knocking under borderline conditions. Figure 3.7 shows how knocking probability
changes for different scales of knock threshold.
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Figure 3.7: The figure shows CDF estimates to measuring data for operation condition 2000
rpm and 500 mg/stk and knock probability as a function of spark advance.

Peyton et al. proposed a different approach when determining a appropriate threshold level
[12]. The proposed method is to use a feedback signal that from a control perspective would be
optimal. Since the controller aims to keep the spark advance as close as possible to the set point
target spark angle, an optimal feedback signal to the controller would be the signal that is most
sensitive to deviations to this set point target. In this case the set target point is the knocking
probability at borderline condition and the deviation is the change in knock probability. Peyton
et al. therefor suggest the sensitivity that should be maximised to be calculated as

(3.28)

_ 1 9
° <\/p<0><1 —0(0) 69>

Where p(6) is the knocking probability as function of spark angle given a knock threshold. The
Vp(0)(1 —p(0)) factor is the standard deviation of the number of knocking events in any fixed
number of cycles and is used to normalise the function. Since a 1 % deviation is "large” if the
target knock rate itself is 1 %. The authors suggest adding a small constant to the denominator
of expression (3.28). Also, since no analytic expression for p(#) is available a numeric derivative

6=BL
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based approximation of % is used. The resulting expression for the sensitivity function is:

p(0Br+1) — p(OBL-1)

EICENO=0)

By evaluating this sensitivity criterion as function of different scales of knock threshold, it is
possible to find the optimal threshold for feedback purposes. The optimal threshold that max-
imises the sensitivity criterion will then behold the optimal threshold scale. The desired weak
knockrate that corresponds to the optimal threshold can be found from the knock intensity CDF
at DBL-timing by the intersection of the CDF and the optimised threshold.

(3.29)

The optimised threshold can be used on knock controllers that utilises a desired knock probab-
ility by alternating the previously knock probability with the desired weak knock rate given at
DBL-timing of the optimised threshold.

3.4.5 Cumulative summation based knock controller with likelihood-
scaled controller gain and optimised threshold

By fusing together the knock control strategies earlier stated in this chapter, a lot of different
knock controllers can be created. One of which will be presented in this report. It is based on
the cumulative summation method for determining when a spark adjustment should be executed
whilst optimising the threshold and scaling the adjustment steps with the likelihood function
described in 3.4.3. This results in a controller that is treating knock as a stochastic process by
comparing its cumulative summation variables, a more sensitive controller due to the optimised
threshold which acts on weak knock events and more precise spark adjustments due to the like-
lihood scaled controller gains.

As discussed in section 5.3.1, the optimal threshold for the current operating condition can
be calculated using a sensitivity function to instead aim at a desired weak knock rate. This
means that the expected knock rate pges will be changed and the slope of the slope of the
variable EK will be altered.

3.4.6 Live estimation of Burr Type XII distribution controller

This controller type requires a lot of knowledge about the knock intensity distribution in each
operating point it is supposed to be used for to perform well. By collecting data of a spark
sweep around DBL timing, it is possible to estimate well fitted distributions for the operating
point. DBL-timing can be found by analysing the knock rate from the spark sweep and thus,
the burr type XII parameters at DBL-timing of the current operating point can be calculated.
With this knock intensity distribution knowledge, it is possible to control the spark timing by
observing the live Burr Type XII parameters since its parameter value for DBL-timing is known
from the spark sweep experiment.

Based on a number of knock intensity samples, a Burr Type XII distribution is estimated using
the maximum likelihood estimation. The number of samples can be chosen in a number of ways.
By increasing the number of samples used to estimate the distribution results in more precise
estimations. The drawback however is that it increases the time it takes to evaluate and in a
case were a spark adjustment is desired, a control action will be delayed. The sample size can be
chosen by estimating CDF's of different sample sizes and calculate a knock factor as in [24] for
each estimation. By calculating the variance of the knock factors tells how well the distributions
coincide. A high variance would mean less exact results and thus, as low variance as possible is
desired.

When the distribution parameters are estimated they are compared to the DBL-timing para-
meters and ignition angle can be adjusted based on the difference between these parameters.
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Simulation Environment

In this chapter the development of the knock intensity simulation environment will be presented.
Since the simulation environment will be statistically based from real engine data, this chapter
will begin with a statistical analysis section of gathered data followed by introducing the results
into a simulation environment.

4.1 Overview of the simulation environment

1 e
=

Knook Intensity  Knock Detected [0..1]

Spark_init

Knock Intensity Knock Detection

Conventional Knock
Controller

Figure 4.1: Capture of the simulation environment created in Simulink.

An overview of the simulation environments are shown in Figure 4.1. In the red subsystem
knock intensity is produced from an ignition angle and introduced noise input. The noise input
shifts DBL position either in advance ignition angle direction or retard direction without affecting
the ignition angle in the controller loop. This is an effective tool in order to test the controllers
transient response or ability to find DBL in case it shifts position. Figure 4.2 captures how
the knock intensity block signals are used to generate a knock intensity signal. After a knock
intensity is produced, it will be characterised as a knocking or non-knocking event from the
green subsystem by a knock threshold set manually. Figure 4.3 shows this simple detection
structure. In case of threshold optimisation controller is used, the threshold characterising weak
knock events will be scaled from the knock threshold used. The blue box contains the controller
that is to be tested. The controller adjusts the ignition angle in the next combustion cycle (if
required) by adding or subtracting the calculated adjustment to the previous ignition angle.
The new ignition angle is then fed back to the knock intensity block to generate a new knock
intensity based on the distribution of that ignition angle. The method is evaluated in section
5.1 by comparing the knock intensities generated by the simulation model to the ones measured
in tests. Figure 4.4 captures the simple structure of the conventional controller.
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Figure 4.2: Capture of the simulation environment inside the Knock Intensity block. The spark
and noise are input from the environment. rn is a random number generator and
the rest are operating dependant constants loaded with initialising scripts.
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Figure 4.3: Knock detection structure.
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Figure 4.4: Conventional controller structure in the simulation environment.

4.2 Simulation of Knock Intensity

Lonari et al. showed that the functional form of the distribution can be parametrically charac-
terised by a log-normal curve [24]. By calculating a normal mean and variance of the measured
knock intensity it is possible to derive the log-normal mean and variance.

The knock intensity simulation environment in this thesis is instead based on the Burr Type
XII distribution. This distribution, discussed in chapter 3.3.1, is chosen instead of a log-normal
distribution since it is shown to characterise knock intensity more precisely. Figure 4.5 shows
how the distribution of knock intensity changes with ignition timing for a fixed operating con-
dition. These data sets with fixed ignition angle are used when fitting the distribution models
to data. The data is collected from real-life testing where the ignition angle was kept constant
at a desired value. The air-fuel ratio during the measurements were controlled such that a fixed
A of A =1 was aimed at during the measurements. In each operating point data were meas-
ured, the Burr Type XII distribution parameters «, ¢ and k are mapped up using maximum
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Figure 4.5: Histogram showing how the knock intensities are distributed for different ignition
timings. The data was collected at operating condition 2000rpm 500mgair/stroke.
A more advanced ignition angle leads to a wider spread and has a higher probability
of experiencing higher knocking intensities.

likelihood estimation shown in section 3.3.1. If an ignition angle between two measured points
is to be evaluated, their parameters will be calculated by interpolating between the points in
the map. This can be seen in Figure 4.6 were the probability density functions for different
ignition angles are shown. The data were gathered for the operating condition 2000 rpm, 500mg
air/stk and the air-fuel ratio was controlled such that A = 1 was achieved. The ignition angles
0ign = DBL 4+ {—1.6,—0.6, 0.4, 0.9, 1.4} shown in the figure were calculated from measured
data points whilst 6,4, = DBL 4 {—1.1, 0.1, 1.9} were calculated by interpolation between the
closest ignition angle parameters of the burr distribution.

3.5

Ignition angle = DBL - 1.6
Ignition angle = DBL - 1.1
Ignition angle = DBL - 0.6 )
Ignition angle = DBL + 0.1
o5l “\ Ignition angle = DBL + 0.4 | |
: Inl Ignition angle = DBL + 0.9

\ Ignition angle = DBL + 1.4
ol ‘}\ Ignition angle = DBL + 1.9 | |

[

151

0.5

Knock intensity

Figure 4.6: Probability density functions estimated using the Burr Type XII model for different
ignition timings. The ignition angles are defined as relative to DBL-timing. In this
case, a positive ignition angle means an ignition timing more advanced than DBL-
timing. As can be seen, more advanced ignition timings results in both more and
higher knock intensities.

When the Burr Type XII parameters has been calculated for the actual ignition angle, a knock
intensity is generated from the distribution through its inverse cumulative distribution function
using (4.1). The CDFs for the ignition angles 6,4, = DBL + {-1.6,—0.6, 0.4, 0.9, 1.4} from
measured data can be seen in Figure 4.7. The parameter X is a uniformly distributed random
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Figure 4.7: Cumulative distribution function calculated from measured data using the Burr
Type XII model. The ignition angles are defined as relative to DBL-timing. In
this case, a positive ignition angle means an ignition timing more advanced than
DBL-timing. As can be seen, more advanced ignition timings results in both more
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and higher knock intensities.

variable with values ranging between 0 and 1.

In Figure 4.8 the inverse of the Burr Type XII CDF is shown for the case were DBL ignition
angle is reached and 1% knock is achieved. Since it is equally possible to draw each random
variable X, the output knock intensity from (4.1) will generate knock intensities such that the

1
c

KI(X|a,e, k) = a((1 — X)7F —1)

desired probability density function is attained.

Knock intensity
w

Figure 4.8: The solid blue line is the inverse of the cumulative distributing function. The dashed
red line is the knock thresholded value. By examining the figure one can see that
this threshold would lead to 1 % knock since it intersects with the CDF inverse at
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Chapter 5
Results

In this chapter, the results from the statistical analysis of knock intensity will be presented
followed by the results from the knock controllers and noise estimators.

5.1 Stochastic analysis

A stochastic analysis was performed to investigate if there exists any correlation patterns of the
knock intensity signal. In Figure 5.1 a scatter plot of knock intensity for current combustion cycle
against last combustion cycle is shown. The scatter plot shows little to none cyclic behaviour
patterns in the knock intensity signal for the 6;4,, = DBL+1.4 case and for the 0,4, = DBL—1.6
case no such patterns can be seen. The scatter plot does not account for cycle lags larger than

30 ; - 7

. eign= DBL + 1.4 6 . . gign= DBL-1.6 |

251

20 °

0 5 0 15 20 25 0 2 4 6 8

KI_ KI
Figure 5.1: Scatter plot of knock intensity at cycle k vs cycle k-1. No linearity shown in either
case which would indicate that a knock cycle could be expected given an earlier

knocking cycle. The ignition angle 6;4,, is relative ignition angle from DBL where
a positive value means a more advanced ignition angle.

one cycle and therefore a more comprehensive test of the stochastic nature of knock intensity
is desired. An autocorrelation analysis was therefore made with a cycle lag of up to 10. The
autocorrelation seen in Figure 5.2 shows that all cycle lags falls inside the 95% confidence interval
except a cycle lag of 5 which is just outside the borders for the case with relative spark advance
0 = DBL — 1.6. With the more advanced § = DBL + 1.4 data set, cycle lag of 1 and 8 falls
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outside the intervals but again, just slightly above the 95% confidence interval. Both cases
strengthens the hypothesis that knock intensity is a cyclically uncorrelated process.
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8 o
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Figure 5.2: Auto-correlation analysis of knock intensity with cycle lag up to 10 samples along
with a dashed line showing the 95% confidence interval borders. No correlation can
be seen in either the advanced or retarded ignition angle since the autocorrelation
lies within the confidence interval borders.
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5.2 Distribution Model Evaluation

To evaluate the ”goodness of fit” of the distribution models various methods can be used. To
put Burr Type XII distribution model into context it is evaluated along side with the log-normal
distribution model. The Kolmogorov-Smirnov test statistic is used to determine whether the
distribution model should be rejected or not at the significance level a. However, it could be
argued that the KS statistic is inappropriate in knock application since it is only the probability
error in the vicinity of the threshold on knock that affects the overall knocking probability.
Therefor the knock probability error at threshold level as well as knock intensity error at the
95th percentile is used to evaluate the distribution estimation.

5.2.1 Knock Intensity Error at the 95th Percentile

Figure 5.3 shows the Burr Type XII distribution model and Log-normal distribution model CDF
estimate and the CDF calculated from measurement data. Generally, the Burr model can be seen
to have a better fit, especially for the more advanced ignition angles. The differences between
the CDF curves can be viewed in figure 5.4 as knock intensity error. The knock intensity error
elucidates what is seen in Figure 5.3. The percentage knock intensity error according to (3.19)
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Figure 5.3: Knock intensity CDF and the corresponding Burr Type XII and Log-normal dis-
tribution estimates. Data was measured at operating condition 2000 rpm and 500
mg/stk.

can be seen in Figure 5.5. By examining this figure along side with figure 5.4 one can see that
overall the Burr Type XII model has a better fit. However, at the tail of the distribution for
the data set DBL + 0.9 [CA] and DBL + 1.6 [CA] the log-normal model more closely resembles
the true knock intensity and therefore the knock intensity error at this point is lower. Note that
fewer combustion cycles with relative spark angle DBL + 0.9 [CA] and DBL + 1.6 [CA] was
recorded.

29



CHAPTER 5. RESULTS

DDE T T T T T T
g
L
> 0
= i
2 DBL 1.6 [CA) ; .
£ DBL -0.6 [CA] ( -
= 002 F DBL +0.4 [CA] i
§ DEL +0.9 [CA] %\Lw /
S DBL +1.4 [CA] M

—D D4 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

= i
L
.
3 — N
2 DBL 1.6 [CA)
£ DBL -0.6 [CA) i
x DBL +0.4 [CA]
9 DBL +0.9 [CA] -
¥ DBL +1.4 [CAJ

_015 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

CDF

Figure 5.4: Knock intensity error for the Burr Type XII and Log-normal distribution estim-
ates. Data was measured at operating condition 2000 rpm and 500 mg/stk. The
Err(zo.05) can be seen in figure as knock intensity error at the 0.95 CDF value.
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Figure 5.5: Percentage knock intensity error for the Burr Type XII and Log-normal distribution
estimates at the 95:th percentile for different spark angles. The data collection was
done at operating condition 2000rpm 500mg/stk.
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5.2.2 Probability Error at Knock Event

The probability error at knock event calculated as equation (3.20) is shown for different ignition
angles in figure 5.8. No knocking events occurred at DBL — 1.6 [C'A] and the the error was
therefore defined as 0 in this case. The PDF estimates from the Burr Type XII model and log-
normal distribution models can be seen in figure 5.6 and 5.7 respectively. By examining the PDF
plots it is possible to distinguish the advantage of the Burr Type XII model. The log-normal

model gives a satisfying result for the DBL — 1.6 [C A] data set but for more advanced spark
angles it is not a good fit.

T T T
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— B —6=1.4[CA] data

Knock Intensity

Figure 5.6: Estimated probability density function for different ignition angles for the gathered
data shown in dashed lines along with the corresponding burr distribution estim-

ations shown in solid lines. The plot visually shows how well the Burr Type XII
PDF fits to the collected data.
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Figure 5.7: Estimated probability density function for different ignition angles for the gathered
data shown in dashed lines along with the corresponding log-normal distribution
estimations shown in solid lines. The plot visually shows how well the Log-normal
PDF fits to the collected data.
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Figure 5.8: Probability error at knock threshold for burr and log-normal distribution estimation.
The operating point when gathering data was 2000rpm 500mg/stk.
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5.2.3 Kolmogorov-Smirnov Test Statistic

To validate the goodness of fit of the Burr Type XII and Log-normal distributions to knock
intensity data, a kolmogorov-smirnov test was made. A significance level of o = 0.05 was used
to calculate the critical values of the different data sets. The critical value increases for the more
advanced spark angles as less data were gathered in these conditions. The test can be seen in
Figure 5.9. According to the test it is possible to see that a log-normal distribution should be,
at a = 0.05 level of significance, rejected for advanced ignition angles. The only ignition angle
that should not be rejected is the most retarded ignition angle at —1.6 CAs from DBL-timing.
The Burr Type XII distribution should only be rejected for the most advanced ignition angle
at +1.4 CAs from DBL-timing whereas the other ignition angles falls inside the critical values
and should not be rejected. Table 5.1 summarises the results of the different distribution model
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—&— D\ognnrm
01+t & Dburr

Din.0.05) N

0.08 /
0.06 /

KS distance

o
g

0.02

[:7Z o
0
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Relative spark advance

Figure 5.9: Kolmogorov-Smirnov test for Log-normal and Burr Type XII distribution. The
green line is the critical value according to a significance level of a = 0.05.

tests made in this thesis.

Table 5.1: Results for the log-normal and Burr Type XII distribution model validations. Here
it can be seen that the Burr Type XII more closely describes the knocking intensities
than the earlier suggested log-normal model.

Spark advance [CA] | Distribution model | KS Err(po.o1) | Err(zogs) | %oErr(xo.os)
DBL -1.6 Burr Type XII 0.0354 | 0.0672 0.0034 0.2732
’ Log-normal 0.0910 | 0.0710 0.0050 0.4024
DBL -0.6 Burr Type XII 0.0173 | 0.0071 0.0246 1.8148
e Log-normal 0.1104 | 0.0056 0.0350 2.5867
Burr Type XII 0.0135 | 0.0010 0.0256 1.3728
DBL +0.4 Log-normal 0.0900 | 0.0074 0.0368 1.9764
Byrr Type XII 0.0128 | 0.0016 0.0709 2.7134
DBL +0.9 Log-normal 0.0522 | 0.0065 0.0312 1.9156
DBL +1.4 Burr Type XII 0.0140 | 0.0033 0.1974 6.5032
’ Log-normal 0.0081 | 0.0015 0.0815 2.6853
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5.3 Knock Control

The knock controllers introduced in Chapter 2.3 were implemented and tuned in the simula-
tion environment. The knock controllers were tuned for a desired knock probability of 1%.
After tuning in the simulation environment they were implemented in a real four stroke turbo
charged SI gasoline engine to validate the results. In this section, the final control parameters
will be shown along with results both from the simulation environment and from the tests per-
formed in the physical engine for the best performing knock controller of its type (Cumulative
summation-based, Likelihood-based etc.). Except for the live estimation controller which were
only implemented and tested in the simulation environment. Results from the other controllers
can be found in appendix A. The operating condition both in the simulation environment and
the real engine test were 2000 rpm, 500 mgair/stroke and lambda were set constant at A = 1.
The simulation results are shown as relative final ignition angle around the DBL. For real en-
gine tests, the feedback signal was measured via INCA from the ECU. As earlier described, the
crank angle is defined as positive after TDC. This requires the feedback signal to give a positive
response when retarding the ignition timing and negative when advancing.

To clarify the plots of the knock controllers, relative ignition angle is shown for the results
from the simulation environment and is defined as ignition angle relative to DBL-timing. This
means that an ignition angle of 0 refers to DBL-timing. If the ignition angle is positive, then
ignition angle is more advanced relative to DBL-timing and has a knock probability above 1%.
In the results from real-engine tests, DBL-timing was unknown and therefore A4, as defined
in (2.1) is used. Its values will always positive since the knock controllers are tested in operating
points were ignition angle is retarded from 6,; due to frequent knock events.

5.3.1 Threshold Optimisation

In section 3.4.4 knock threshold optimisation to increase the sensibility of the knock controllers
by scaling the knock threshold were described. This was performed for the operating determined
operating condition 2000 rpm 500mg/stk.

Figure 5.10 shows that the maximum sensitivity calculated using equation (3.29). In this
operation condition the suggested knock intensity threshold scale is 0.6180 of the previously

used knock threshold.
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Figure 5.10: Sensitivity as a function of knock threshold performed on a single set of data. The
maximum value occurs at a normalised threshold intensity value of 0.6180 which
implies that the present threshold should be scaled with this factor.
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In figure 5.11 the optimised knock intensity threshold is plotted against the knock intensity
CDF from DBL timing conditions. The resulting weak knock rate is 15.4 % which means that
the controllers tuned for weak knock rates targets a weak knock rate of 15.4 % to achieve a 1 %

knock rate.
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Figure 5.11: The figure illustrates the knock probability for a threshold that has been scaled
with the derived factor that gives an optimal sensitivity.

5.3.2 Conventional Knock Control

A conventional knock controller was implemented and tuned in the simulation environment. Its
retardation gain k,..; were set equal to 1.6° CA. Its advance gain could then be calculated to
kadgy = 0.0162° CA using (3.24) along with a target knock rate p = 1%. In Figure 5.12 the saw-
tooth behaviour of the conventional controller can be seen. The ignition angle is quite retarded
relative to DBL-timing with peaks reaching well over DBL. The knock rate achieved from the
controller converges towards the desired knock rate probability of 1%. To test the transient
response, initial spark timing was set to £2° CA relative to DBL-timing. The transient responses
from the conventional controller can be seen in Figure 5.13. The conventional controller is both
fast in retarding the spark timing when the initial spark is too high and also quickly advancing
from a rather low initial spark angle. This controller is commonly used in the industry today

and will be used as a reference point to evaluate other controllers.
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Figure 5.12: Simulation of the conventional controller ignition timing output in the simulation

environment along with its achieved knock probability.
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5.3.3 Cumulative Summation Knock Control with Optimised Threshold
and Likelihood-scaled Controller Gains

The cumulative summation knock controller described in section 3.4.2 was implemented in the
simulation environment. Its threshold was optimised by scaling the knock threshold by a factor
of 0.618 and its desired probability that determines the slope of parameter FK were set to
Pdes = 0.154 as described in Section 5.3.1. The controller gains were set to kqq, = 0.33(1 — Ln)
and kp.t = 0.45(1 — Ln) were Ln is the likelihood function described in section 3.4.3. The
upper and lower boundaries determining when a spark adjustment should be done were set to
usnr = 1.5 and [, = —1.5 from the expected knock variable FK.

In Figure 5.14 steady-state condition for the controller can be seen. As a result from the
optimised threshold, a more active controller is seen. The controller finds DBL quite well both
in knock rate and spark angle. The knock rate oscillates around the desired 1% knock rate and
ended after 2000 combustion cycles at around 1.15%. Transient response for the controller can
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Figure 5.14: Spark angle and knock rate for threshold optimised cumulative summation knock
controller with likelihood-scaled gains from simulation.

be seen in Figure 5.15 were spark angle were initially set +2° and -2° CA from DBL. In both
cases, the controller acts quickly and sets the spark angle around DBL-timing. For the initially
retarded spark angle it reached DBL-timing 126 combustion cycles which is around the same
for the conventional controller (124 cycles for conventional.). For the initially advanced spark
angle, it takes two detected knocks to reach DBL-timing and 50 combustion cycles.

Test results from the real engine steady-state tests are shown in Figure B.1 in Appendix B.
Similar results were held in the physical engine as for the simulation results seen in Figure 5.14
and a knock-rate of 1.17% were reached after around 2000 combustion cycles which corresponds
well to the simulation tests. In Figure B.2 in Appendix B the transient response of the controller
can be seen in real engine test. Instead of +2° CA a transient of 6°CA was tested. for the overly
retarded ignition angle the fast advancement can be seen. For the overly advanced ignition angle
there is an initially quick response that declines with time. By examining the plot it is possible
to see that no knocks occurs between cycle 210-415 but the ignition angle keeps reducing until
it reaches its normal value again after around 450 combustion cycles.
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Figure 5.15: Transient responses with spark angle disturbances of £2° CA from DBL-timing for
the threshold optimised cumulative summation knock controller with likelihood-
scaled gains from simulation.

5.3.4 Conventional Control with Optimal Threshold

By performing a sensitivity analysis according to section 3.4.4 and calculating the optimal
threshold and the corresponding knock probability it is possible to re-tune the conventional
controller. Setting the retard gain to k,.; = 0.2 the advance gain can be calculated using ex-
pression (3.24) and new knock rate. This results in kqq, = 0.1540/(1 — 0.1540) x 0.2 = 0.036°.
The controller performance when initialised at DBL ignition angle can be seen in figure 5.16.
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Figure 5.16: Spark angle and knock rate for the conventional controller with optimised
threshold.
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The resulting controller is very reactive due to the lowered threshold. However, since the
spark adjustment gains are lowered when compared to the conventional controller, the spark
angle is less disperse. The overall knocking probability settles at around 1 % as intended.

Figure 5.17 shows the transient response of the controller when initialised with + 2 CA from
DBL.
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Figure 5.17: Spark angle transient response for the conventional controller with threshold op-
timisation from simulation. Initial spark was set +2° CA from DBL-timing.

The controller manages to retard the ignition angle when starting in a overly advanced state
in approximately 50 cycles, only experiencing one knock. The spark advance from the overly
retarded spark angle to DBL occurs after some 100 cycles. These results are comparable if not
even better in terms of transient response when compared to the conventional controller. This
in combination with the reduced spark dispersion promising results.

Figure B.3 in Appendix B shows the resulting ignition timing feedback from the controller
along with the knock probability from real engine tests. A final knock rate of 1.67% were held
from the experiment which is relatively high. The solid green line is the feedback part of the
controller described in equation (2.1) measured from the vehicle ECU.

The knocking probability during this data collection does not reach the target level of 1 %,
implying that the controller acts too aggressively. The transient response from real engine tests
is left out for this controller due to incorrect feedback signal and corresponding final ignition
angle. This is discussed further in chapter 6.
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5.3.5 Likelihood knock control with fast-forward algorithm

A likelihood-ratio algorithm based knock controller was implemented according to section 3.4.3
followed by tuning of its control parameters. The likelihood-ratio threshold was set to Lng,, =
0.4, the retard gain was set to k..; = 0.6 and the advance gain was set to kq,q, = 0.3. The feed-
forward algorithm was used with parameter k0 = [0, 20, 40, 60]. Figure 5.18 shows the controller
behaviour when initialised at DBL-angle. The controller results in a overall satisfying knocking

Figure 5.18: Spark angle and knock rate results for the likelihood-controller with fast-forward
algorithm from simulation.

probability of 1 % while keeping the spark dispersion low and close to DBL. The transient
response for the controller can be seen in figure 5.19. The initial spark angle was adjusted +2
and -2 from DBL. The knock detection signal is also shown in the figure to highlight the potential
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danger of a transient with this statistically based controller configuration.

Figure 5.19: Likelihood-ratio controller with fas simulatit-forward algorithmon result with ini-
tial spark angle offset. The spark angle was initiated at £2° CA from DBL-timing.
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The controller reduces the spark angle to DBL in approximately 50 combustion cycles, exper-
iencing 4 knocks. The results are somewhat satisfactory. Due to the nature in how the ignition
timing is retarded, there appears a cluster of knocking combustions. Clusters of knocking cycles
are highly unwanted since repeated knocking cycles can harm the engine. However, the ignition
timing is restored to DBL in an acceptable amount of cycles. The controller advances from
DBL -2° and reaches DBL in approximately 250 cycles. Compared to the conventional controller
this is a slower advance, however, the spark is kept at a close vicinity of the DBL ignition timing.

Figure B.4 In Appendix B shows real engine tests for the controller. In the first 1000 cycles
the controller makes no action and keeps the ignition angle stable since the number of knock-
ing cycles are in close correspondence to the target rate of 1 % but undershoots a little. This
is an interesting result and highly different to the conventional controller. The overall knock
rate in this data set reveals that in this case the controller could be a bit more aggressively tuned.

Figure B.5 in Appendix B, transient responses from real engine tests are shown. The tran-
sient response is similar to the simulation result. The offset for this test was set to £3° to
give the controller a challenge. The controller responds well to an ignition angle disturbance
that suddenly advances the ignition angle 3 degrees. The controller advances the ignition angle
according to the fast forward implementation and works as intended.

5.3.6 Live estimation knock control

From the spark sweep data, the parameters «a, ¢ and k from the burr distribution were calculated.
a plot of the parameters of the operating point 2000rpm, 500mgair /stroke and A = 1 can be seen
in Figure 5.20. Since both a and ¢ has two solutions for most ignition angles, only k is chosen
as the reference signal to determine if an advance or retard should be executed.
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Figure 5.20: Estimated «, ¢ and k variable from data gathered from a spark sweep experiment
at 2000rpm, 500mgair/stroke and air-fuel ratio such that A\ = 1 were achieved.
Relative spark angle is shown were 0 is DBL-timing and positive values refer to
an advancement from DBL-timing.

Knock factors were calculated from CDFs for different sample sizes in the simulation envir-
onment and the variance of these knock factors can be seen in Appendix A.7. The variance
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decreases significantly for increasing sample sizes to around size 45 and is held quite constant
after. a sample size of 45 knock intensity samples were considered too long though and thus, a
sample size of 25 samples were instead selected in the controller.

The k parameter value for DBL-timing were calculated to kpgr = 0.45 and a deviation of
k = kppr + 0.24 were set to make a spark advance whilst £ = kppr — 0.13 will trigger a
retard action. These values were arbitrary chosen based on the decreasing difference in the
k parameter for higher spark angles as seen in Figure 5.20. Fixed spark angle steps were
chosen to kqq, = 0.15 and k.; = —0.4. Since fixed advance gains were used the controller
transient responses are worsened. To speed up the retard response, a safety algorithm is in-
cluded that if 30% of the last 10 cycles were knock events, spark should be retarded by 1 CA.
Similarly, a fast-forward algorithm were introduced that counted the last spark advances such
that if the controllers last control action was an advance action, it will scale up the advance
gain by a factor advscqie(@dveount). This scaling factor keeps increasing if more advance ac-
tions are present in a row. based on this, the fixed advance gain were scaled by the factors:
advseare = [1, 1.25, 1.75, 2.5].

A simulation of the live estimation controller for 2000 combustion cycles can be seen in Fig-
ure 5.21. The controller is able to find DBL-timing relatively well and deviates less than 1 CA
as most.
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Figure 5.21: Steady-state simulation of the live-estimation controller with an initiated spark
angle at DBL-timing is shown. Achieved spark angle and knock rate is shown.

Transient responses for the controller is visible in Figure ??. The controller acts relatively
slow on the ramp up case were it reaches DBL-timing after around 340 cycles. For initially
advanced spark angles it reaches DBL-timing in about 50 cycles were 7 knocks were recorded.
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Figure 5.22: Transient response simulation for the live-estimation controller with an initiated
spark angle disturbance of £2° CA from DBL-timing. Spark angle from the two
different ignition angle disturbances are shown.

5.4 Side-by-side Comparison of Knock Controllers at Steady-
state Operation

To compare the different knock controllers, all of them were simulated against the same seed
of uniformly generated random numbers in the simulation environment. The controllers will be
referred to their abbreviation which can be seen in parenthesis under the "Knock controller”
column in Table 5.2 and Table 5.3.

Steady-state simulation was performed where all knock controllers start at DBL ignition timing
for 50 000 combustion cycles. The data is presented in table 5.2. As seen in the table, the
controller closest to DBL-timing is the LE knock controller which mean ignition angle is just
0.053 CA from DBL-timing. It is closely followed by the Conv_ThrOpt which ended up with a
mean ignition angle at 0.058 CA from DBL-timing. Both the LE and Conv_ThrOpt controllers
had slightly high knock probabilities with a knock rate of 1,20% and 1,28% respectively. All
of the knock controllers achieved a lower max knock intensity and significantly reduced knock
variance compared to the conventional strategy. The mean ignition efficiency was calculated to
give perspective to how a mean relative ignition relates to efficiency. It was calculated using
a commonly used efficiency table that gives an efficiency for a certain ignition timing. The
characteristics of the ignition efficiency compared to ignition timing resembles the function for
torque output which can be seen in Figure 2.3. In the ignition efficiency table, DBL-timing was
set —10° CA from MBT-timing. 100 % efficiency is, in this case, MBT ignition timing.
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Table 5.2: Simulation results from all implemented knock controllers.

Knock controller

Mean relative
ignition angle [CA]

Ignition angle
variance [CA]

Knock rate [%)]

Mean ignition
efficiency [%)]

Max knock
intensity [-]

Conventional

(Conv)

-0,467 (-)

0,4174

1,00

90,91 (-)

9,73

Cumulative summation

(s)

-0,104 (+0,363)

0,0785

91,44 (40,53)

7,33

Cumulative summation
with likelihood-scaled
controller gains

(CS_Ln)

-0,093 (+0,374)

0,0521

91,46 (+0,55)

Cumulative summation
with likelihood-scaled
controller gains and
fast-forward algorithm
(CS_Ln_FF)

-0,109 (+0,358)

0,056

91,43 (0,52)

Cumulative summation
with likelihood-scaled
controller gains and
optimised threshold

(CS_Ln_ThrOpt)

-0,089 (40,378)

0,0749

91,46 (+0,55)

Likelihood
(Ln)

-0,163 (+0,304)

0,0541

91,36 (0,45)

Likelihood with
fast-forward algorithm

(Ln_FF)

-0,121 (+0,346)

0,0657

91,42 (+0,51)

Conventional with
optimised threshold
(CS_ThrOpt)

-0,058 (+0,409)

0,1020

91,50 (+0,59)

Live estimation
(LE)

-0,053 (40,414)

0,0830

91,50 (40,59)

Due to the variability in knock probability, the controllers were slightly re-tuned to have
matching knock probabilities. The same simulation seed as for the simulation in Table 5.1 was
reproduced. The simulation results along with the changed parameters can be seen in Table 5.3.
Note that the transient responses might have been slightly changed after this re-tuning. The new
results shows that Conv_ThrOpt and LE knock controllers were advanced in previous simulation
due to their high knock rate. As the likelihood controller was re-tuned, its spark angle advanced
significantly to -0,073 CA from DBL-timing. The resulting ignition angle relative to DBL can
be seen in Figure 5.23. The statistically based controllers as well as the threshold optimised
conventional controller manages to keep the ignition timing closer to DBL and experiences less
dispersion compared to the conventional controller.
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Table 5.3: Steady-state simulation results of 50 000 combustion cycles of the re-tuned knock

controllers to achieve a knock probability of 1%.

Changed control Mean relative Ignition angle Mean ignition | Max knock
Knock controller parameters ignition angle [CA] | variance [CA] Knock rate [%] efficiency [%] | intensity [-]
Conventional ) .
(Conv) - -0,467 (-) 0,417 1,00 90,91 (-) 9,73
Cumulative summation | k.. = —0,51 .
(S) o —0.43 -0,104 (+0.363) 0,072 1,01 91,44 (+0.53) 781
Cumulative summation
with likelihood-scaled ket = —0,64 .
controller gains Kogy — 0,56 -0,090 (+0.377) 0,057 1,01 91,46 (+0.55) 7,51
(CS_Ln)
Cumulative summation
with likelihood-scaled K — —0.64
controller gains and k""t - -0,108 (+0.359) 0,055 1,01 91,44 (+0.53) 8,18
f ) : adv = 0,56
ast-forward algorithm
(CS_Ln_FF)
Cumulative summation
with likelihood-scaled ko — —0.46
controller gains and ret = 0, %0 -0,118 (+0.349) 0,069 1,01 91,42 (+0.51) 5,81
. kaav = 0,31
optimised threshold
(CS_Ln_ThrOpt)
Likelihood kper = —0,41 )
(Ln) Kogy = 0,39 -0.073 (+0.394) 0.042 0,99 91,48 (+0.57) 6,97
Likelihood with ks — —0.6
fast-forward algorithm k"” 16 5;3 -0.108 (+0.359) 0.073 1,01 91,44 (+0.53) 8.18
(Ln_FF) adv = 0, 3
Conventional with ko ——0.2
optimised threshold krm‘ — 0 (3326 -0.150 (+0.317) 0.104 1,00 91,38 (+0.47) 6,44
(Conv_ThrOpt) adv =T
kpet = —0,38
Live estimation Kaay = 0,15
(L“E> nation -0,108 (+0.317) 0,071 1,01 91,38 (+0.47) | 6,44
Retard if k < kppr — 0,18
Advance if k > kppr +0,6
Conv ConvThrOpt CsS
5000 5000 5000
0 0 0 :
3 2 1 0 1 3 2 -1 0 1 3 2 1 0 1
CSLn CSLnFF CS Ln ThrOpt
5000 5000 ‘ 5000
0 * 0 0
3 2 1 0 1 3 2 1 0 1 3 2 4 0 1
Ln Ln FF LE
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O O a O dln
3 2 1 0 1 3 2 4 0 1 3 2 4 0 1

Figure 5.23: Histogram showing the relative spark angle for the different controllers. The results

were obtained from the simulation environment for 50000 combustion cycles.
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5.5 Background noise evaluation

The two different strategies to estimate background noise described in Section 3.1.1 and 3.1.2
were first implemented in the simulation environment to be tested and calibrated. They were
then implemented in the engine for tests in the real environment. The step length in the low-pass
noise estimator was calibrated to noise,q, = 0.01. In the low-pass noise estimator, 30 knock
power samples were considered to produce a good balance between acceptable estimation and
response in transients. The noise estimators were tested in the simulation environment both in
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Figure 5.24: Simulation of the fixed-step and low-pass filter noise estimators with a transient
response of +3°CA at cycle number 5000.

steady-state and transient response by a step in ignition angle. Figure 5.24 shows the methods
response as ignition angle increases from DBL-timing to +3 CA from DBL-timing. As the step
is initiated at combustion cycle number 5000, a lag in the low-pass method is visible before it
starts to increase. The fixed-step method does not lag before it increases and ramps up relatively
fast before it starts to vacillate between 0.2 — 0.3 which is a relatively large area.

In Figure 5.25 steady-state results from the same simulation as above can be seen. At DBL-
timing (4800-4900 cycles), both noise estimations hold relatively even noise levels where the
fixed-step method differs more than the recursive. Clear difference between these noise estim-
ation techniques is seen at DBL+3-timing (5000-5150 cycles). Here the low-pass method is
constantly higher than fixed step method and high noise peaks occur due to the high knock
power signal caused by the highly frequent knock events and their increased value in this igni-
tion angle. The knock classification between these two methods will therefore differ a lot in this
operating condition and will significantly affect the knock controllers since it affects the knock
intensity signal according to (3.1).
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Figure 5.25: Illustration of how the background noise level changes with knock power. For
DBL timing the methods give an equal noise level. Even tough the fixed step
method is a more reactive. However, when the ignition angle is advanced the low-
pass method is consistently higher, thus requiring a higher knock power for the
normalised signal to exceed the threshold level.
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Chapter 6

Discussion

Distribution estimation As earlier described, a simulation environment that describes the
combustion process is of great value when developing, analysing and evaluating different knock
control algorithms. The Burr Type XII distribution model was shown to be a great estimation
of knock intensity. Figure 5.9 shows that the Burr Type XII distribution model only should be
rejected for the most advanced spark angles. This is an improvement when compared to the
log-normal distribution model. However, since data gathering was executed in a test vehicle
that had to be handled with care, less data was collected for the more advanced ignition angles
where more frequent audible knock events occur. This lead to sparsely distributed data in the
higher knock intensity values, see Figure 4.5. If a more extensive collection of data was obtained
at these ignition angles, the estimated Burr Type XII distribution model could perhaps give a
closer fit and not be rejected. The knock intensity error in figure 5.5 shows that the log-normal
model gives a better result than the Burr Type XII model for advanced spark angles. It is worth
noting that the knock intensity is overall described more closely by the Burr Type XII model.

Knock control strategies: The conventional controller with optimal threshold would not re-
quire a reconstruction of the current feedback system, but quite simply a scaling of the threshold
map and re-tuning of the gain parameter maps which perhaps makes it even more desirable.
Since the statistically based and optimal threshold controllers have a reduced spark dispersion
and a mean that is closer to DBL the knock intensity distribution will contain less harmful
and NVH-inducing and knocking events. Thus, the knocking probability of 1 % is of lesser
importance. Since if both the conventional and conventional controller with optimal threshold
aims at a knock rate of 1 % the conventional will obtain unnecessarily advanced ignition timings
and experiencing overall knocking events with higher intensities, even though the rate is still 1 %.

Maximum knock intensity for the statistical knock controllers is reduced compared to the con-
ventional approach as a result of not advancing too far from DBL-timing. As the aim of a
conventional knock controller is to control the ignition timing such that a knock rate of 1%
is attained, this knock rate could be increased for the stochastic knock controllers without ex-
periencing higher knock intensities than the conventional approach. In Table 5.2, both LE and
Conv_Thropt had significantly higher knock rates than conventional controller (1.20% and 1.28%
respectively) without the increase in maximum knock intensity. Therefore an interesting para-
meter to be aimed at in addition to knock rate, would be to limit knock controllers to a maximum
knock intensity. This would lead to a higher knock rate permission for operating points of low
load which decreases as load increases as higher knock intensities are prone to appear in those
conditions.

The real engine tests of the controllers were just performed for around 2000 combustion cycles.
As the stochastic behaviour of knock is apparent, it should be noted that the knock rate can
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differ quite a lot from experiment to experiment for tests of just 2000 combustion cycles with
the same controller tuning. To be sure that the controllers from the real engine tests achieve
a knock rate of 1%, extensive testing is required. This could not be done in this thesis due to
limited time in the test rig.

Knock detection: A closed loop knock control system is highly dependent on a well per-
forming knock detection system. When calculating the background noise for controllers that
allow knocking combustion to occur without spark adjustment there lies a risk that the back-
ground noise level increases to unnecessarily high values and thus, decreases the chance to detect
a knock event. The fixed-step background noise estimation is a way of dealing with this problem
and was shown to work as intended. The low-pass filter estimation of the background noise level
could be improved. The implemented structure based noise level on all knock intensities. if
instead knock intensities that were classified as a knock combustion were not considered in the
calculations, its performance would probably be improved. Another add-on that might prevent
the low-pass filter from peaking at high knock intensities would be to maximise the allowed
input from a single knock intensity value.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The cyclical dependencies of knock intensity were investigated using autocorrelation analysis
with the results that knock intensity is a cyclically uncorrelated process and can therefore be
described by its probability density function. The Burr Type XII distribution model was found
to fit the knock intensity in operating condition 2000rpm 500 mgair/stk. with significance level
a = 0.05 for all tested ignition timings except for the most advanced. To put the Burr model
into perspective it was compared with the widely used Log-normal distribution model and was
proven to give a better fit, see section 5.2 and table 5.1.

A knock intensity driven simulation model based on the Burr Type XII distribution was imple-
mented in MATLAB & simulink with good results. The simulation model was used to examine
knock intensity and to implement, tune and evaluate different kinds of knock feedback con-
trollers. The controllers that showed most interesting result in simulation were implemented
and evaluated in a Volvo four-stroke engine. Real engine tests showed similar results to the
simulation. The live estimation controller showed great prowess in simulation. In real engine
the threshold optimised conventional and cumulative summation as well as the fast forward
likelihood controller gave interesting results and should be considered as challenging contenders
to the widely used conventional controller. A number of different methods and types of knock
feedback controllers were implemented and tested, both in the simulation environment and in a
physical four cylinder Volvo engine. A common problem with most stochastic controllers is its
race between fast transient response and ability to keep spark timing at DBL-timing. Table 5.2
shows results from steady-state operating in simulation. All implemented controllers were able
to keep a more advanced spark angle compared to the conventional strategy whilst still lowering
the maximum knock intensity peak in steady-state operation. The variance of ignition timing
from the implemented controllers were significantly reduced compared to the conventional con-
troller. The threshold optimised controllers aiming for a weak knock rate were able to behold
the same ramp-up transient response as the conventional controller. Spark angle can therefore
be advanced whilst still behold the same aggressiveness towards DBL-timing if an unnecessarily
retarded spark timing is apparent.

The statistically based knock controllers which aimed at a knock rate of 1% performed better
than the conventional controller in steady state operation, with a reduction in spark dispersion
and improved mean spark advance. They had a slight reduction in transient response even for
the fast forward improvement add-on. The sensitivity analysis threshold optimised controllers
proved to give good results in both steady state and transient operation. Improved mean spark
advance, lessened spark dispersion and a reduction in maximum knock intensity in combination
with comparable result in transient response makes these two controllers very promising.
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7.2 Future work

Further evaluation of the burr type XII distribution model by gathering longer data sets in
the more advanced ignition angles is of interest. The data sets used in this thesis in the most
advanced ignition angles had limited data due to the occurrence of frequently audible knocks.
To minimise the risk of engine failure, shorter data sets were therefore used.

The simulation environment that was created could only generate knock intensities for one
operating condition. If knock intensity data from spark sweep experiments were obtained in a
wide range of operating conditions, distribution parameters could be estimated to form a more
complete simulation environment able to simulate drive cycles.

With the Burr Type XII shown estimate knock intensities with great precision, questions arise
whether the inverse could be done in a control perspective. The live estimation controller is a
first step to creating such a controller. A controller that uses information about previous com-
bustion cycles to estimate the current knock intensity distribution and compares it to a desired
distribution and uses this information to make spark adjustments could prove to preform great.

A improvement of the low-pass filtered background noise calculation could be done by excluding
knock intensities that exceeded the knock threshold in the calculation.
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Appendix A

Additional knock control results

Additional results from the knock control algorithms are shown in Section A.1, A.2, A.3 and
A4

A.1 Cumulative summation based knock control with likelihood-
scaled control gains
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Figure A.1: Steady-state operation of the cumulative summation based knock controller with
likelihood-scaled knock controller in the simulation environment.
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g 3 T T T T T T T

QL 9 Ignition angle -

g’ DBL

; B Detected knock | |

S 0 I R S

o

)

o -1F i

2

22 | P I T (11| P [ 1] ]

[

e g 200 400 600 800 1000 1200 1400 1600 1800 2000
Combustion cycles

g 3 T T T T T T T

L ot Ignition angle |

g’ DBL

; 1r Detected knock | |

@ QfF |

o

)

T2 ‘ . . L L T T B R B B

r g 200 400 600 800 1000 1200 1400 1600 1800 2000

Combustion cycles

Figure A.2: Transient response of the cumulative summation based knock controller with
likelihood-scaled knock controller in the simulation environment.

A.2 Cumulative summation based knock control with fast
forward algorithm and likelihood-scaled controller gains

The fast-forward algorithm to the cumulative summation controller decreased the distance to
the lower boundary if consecutive ignition advancements was made.
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Figure A.3: Steady-state operation of the cumulative summation knock controller with fast
forward algorithm and likelihood-scaled controller gains in the simulation environ-
ment. The ignition angle was initially set at +2° from DBL-timing.
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Figure A.4: Transient response of the cumulative summation knock controller with fast forward
algorithm and likelihood-scaled controller gains in the simulation environment. Ig-
ition angle with an initial spark angle disturbance of £2° CA from DBL-timing are
shown.

A.3 Likelihood knock control
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Figure A.5: Steady-state operation of the likelihood knock controller in the simulation envir-
onment.
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Figure A.6: Transient response of the Likelihood knock controller in the simulation environment
with an initial spark angle disturbance of £2° CA from DBL-timing.

A.4 Live estimation controller
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Figure A.7: Knock factor variance for different sample sizes in the knock intensity buffer. 200
distributions were estimated in each sample size.
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Appendix B

Knock control results from real en-
gine tests

Test results from real engine tests will be shown here. The operating condition for all tests were
2000rpm, 500mgair/stroke and an air-fuel ratio such that A = 1 was aimed to be achieved.

B.1 Cummulative summation knock control with likelihood-
scaled controller gains and optimised threshold
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Figure B.1: Steady-state operating test for the threshold optimised cumulative summation
knock controller with likelihood-scaled gains in a real engine.
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Figure B.2: Transient response for the threshold optimised cumulative summation controller
with likelihood-scaled controller gains in real engine test. The controller was given
a challenging task with offset of + 6 degrees. The top most plot shows how the
controller retards the feedback ignition angle and the bottom most shows how the
controller advances the feedback signal.

B.2 Threshold optimised conventional controller
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Figure B.3: Steady-state real engine test for the conventional controller with optimised
threshold. Ignition feedback from the knock controller and knock rate are shown
for a test were about 2000 combustion cycles were executed.
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Figure B.4: Steady-state Results from a test of a real engine implemented with the likelihood

controller with fast forward algorithm.
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Figure B.5: Transient response of the Likelihood controller with fast forward add on from real

engine test. Ignition angle offsets of £3° CA were performed.
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