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CAPÍTULO 1
 

A MODEL BASED DESIGN APPROACH FOR KNOCK 
CONTROL IN INTERNAL COMBUSTION ENGINES 

USING MACHINE LEARNING

Data de submissão: 07/10/2021

Eduardo Vieira Falcão
Universidade Federal de Campina Grande

Campina Grande – PB
http://lattes.cnpq.br/8249702768753558 

Vinicius Mafra Melo
Universidade Federal da Paraiba

João Pessoa – PB
http://lattes.cnpq.br/4978035137067732 

Péricles Rezende Barros
Universidade Federal de Campina Grande

Campina Grande – PB
http://lattes.cnpq.br/0722445222056063

ABSTRACT: Knock is the byproduct of an 
abnormal combustion taking place in the 
combustion chamber and is associated to high 
vibration levels, undesirable noise, increased 
emissions and degraded fuel economy. 
Conventional control strategies address knock 
in a corrective fashion by tuning the spark 
timing in order to decrease in-cylinder pressure 
and temperature. Although effective in avoiding 
engine’s prolonged exposure to the harmful 
vibratory forces, it may induce excessive spark 
retard and is implemented through a considerable 
number of calibrations. Recent breakthroughs 
on knock investigation show that knock intensity 
inherits random behavior and this statement plays 
a crucial role on how to appropriately design knock 
control laws. By leveraging this assumption using 

machine learning concepts and treating knock 
occurrence as a classification problem, a logistic 
regression model dependent on in-cylinder 
pressure, compressed mixture temperature and 
engine RPM is defined. The Likelihood Ratio Test 
is performed to validate the suggested hypothesis 
and McFadden’s pseudo-R2 is calculated to 
quantify its accuracy. By leveraging the hypothesis 
stated, a proportional gain feedback control is 
designed to account for steady state operation of 
combustion engines around a target knock rate. 
Simulation results show the performance of both 
logistic regression model and proportional gain 
knock control against a conventionally defined 
knock control. 
KEYWORDS: Engine Knock, Logistic Regression, 
Machine Learning, Model based Design.

RESUMO: Knock é o subproduto de uma 
combustão anormal ocorrendo na câmara de 
combustão e está associado a altos níveis 
de vibração, ruído indesejável, aumento de 
emissões e economia de combustível degradada. 
As estratégias de controle convencionais tratam 
da detonação de maneira corretiva, ajustando 
o tempo de ignição para diminuir a pressão e 
a temperatura no cilindro. Embora eficaz em 
evitar a exposição prolongada do motor às forças 
vibratórias prejudiciais, pode induzir retardo  de 
ignição excessivo e é implementado por meio de 
um número considerável de calibrações. Avanços 
recentes na investigação de knock mostram que 
as variações na intensidade de knock herdam 
comportamento aleatório e esta declaração 
desempenha um papel crucial em como projetar 
apropriadamente as leis de controle para conter 

http://lattes.cnpq.br/0722445222056063
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ou minimizar o fenômeno. Aproveitando essa suposição usando conceitos de aprendizado de 
máquina e tratando a ocorrência de knock como um problema de classificação, um modelo de 
regressão logística dependente da pressão no cilindro, temperatura da mistura comprimida 
e RPM do motor é definido. O Teste da Razão de Verossimilhança é realizado para validar 
a hipótese sugerida e o pseudo-R2 de McFadden é calculado para quantificar sua precisão. 
Aproveitando a hipótese declarada, um controle de feedback de ganho proporcional é 
projetado para levar em conta a operação em estado estacionário dos motores de combustão 
em torno de uma taxa de knock alvo. Os resultados da simulação comparam o desempenho 
do modelo de regressão logística e do controle de detonação de ganho proporcional em 
relação a um controle de detonação definido convencionalmente.
PALAVRAS-CHAVE: Batida de motor, Regressão Logística, Aprendizagem de Máquina, 
Desenvolvimento baseado em Modelos.

1 |  INTRODUCTION
Knock is the audible noise that results from spontaneous ignitions that take place in 

the unburned zone of the air-fuel mixture enclosed in the combustion chamber and mainly 
characterized by fast heat releasing chemical reactions (Kiencke and Nielsen, 2005). 
As torque demand increases, spark timing has to be adjusted in a way that part of the 
combustion process is proportionally shifted towards the compression stroke in order to 
deliver more power. This leads to an increase in both temperature and pressure inside the 
cylinder as well as formation of hot spots in the combustion chamber. These conditions, 
occasionally, provide the reactive radicals in the fuel molecules with sufficient activation 
energy to ignite spontaneously. This causes an insufficient pressure equalization within 
the combustion chamber and high vibration levels are induced in the engine due to the fast 
expanding ame front colliding with cylinder wall, valves, spark plug and piston head but 
also from the spontaneous ignition ame front collision with the spark plug ignited ame front. 
Besides the harmful vibration levels that can damage engine components and undesirable 
noise, it is  also associated to NOx formation (Jones et al., 2013).

Different control strategies were developed to address engine knock. A standard 
approach in the automotive industry is to retard the spark timing upon knock detection 
and incrementally advance it. This prevents engine’s long exposure to the vibratory forces 
but sacrifices engine efficiency. Such a corrective approach bases itself on the statement 
that engine knock is a deterministic phenomenon when, in fact, knock intensity possesses 
strong random nature (Selmanaj et al., 2018). This baseline leads to the conclusion that for 
an effective control law to be designed there has to be a model that approaches the problem 
in accordance to the appropriate mathematical framework.

Logistic regression is a powerful predictive analysis technique that attempts to describe 
the relationship between one dependent categorical random variable and measurable 
quantities that correlate with it. By addressing knock occurrence as a classification problem 
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and defining a convenient features vector, it becomes feasible to apply logistic regression 
to compute statistical models in order to infer how engine knock is unraveling during 
its operation and define controllers that can prevent spark timing variability upon knock 
occurrence by maintaining engine operation around a target knock rate.

The work described in the following sections details the development of a predictive 
proportional gain knock control for internal combustion engines using logistic regression. 
Section 2 details engine knock and how it is traditionally addressed. Section 3 describes 
how logistic regression applies to knock detection and Section 4 describes the naturally 
aspirated combustion engine model. Section 5 shows how both conventional and proposed 
control strategies behave under the described control approach and Section 6 provides with 
information about next steps.

Figure 1: Typical in-cylinder pressure profile for a knocking cycle as function of crankshaft angle f. In 
red, the sharp pressure peak caused by the fast heat releasing combustion from spontaneous ignitions.

2 |  ENGINE KNOCK
Knock is defined as the typical sound that may arise when spontaneous ignitions 

take place in the engine’s cylinders causing rapid heat releasing chemical reactions. Figure 
1 depicts the typical oscillations in the in-cylinder pressure profile during a knocking cycle. 
These oscillations induce vibration levels in the engine components such as piston head, 
valves and connecting rod. A number of attributes play a significant role on the occurrence 
of knocking cycles including aspirated air pressure and temperature, cylinder geometry, 
fuel composition and humidity (Guzzella and Onder, 2010). Upon detection of a knocking 
cycle the controller acts in a way to limit engine performance for the forthcoming cycles and 
prevent further abnormal combustion.

The torque chain of a combustion engine powered vehicle comprises both slow and 
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fast paths where the former refers to the air mass ow control and the latter relates to the spark 
timing. Adjustments in the torque chain are done to account for optimal vehicle driveability 
and safety compliance. Tuning the spark timing in the context of knock avoidance means 
retarding the combustion process beyond the optimal timing for maximum engine efficiency 
to be achieved. In general, the automotive industry addresses knock mitigation by means of 
the control law described in Equation 1 (Kiencke and Nielsen, 2005)

Where ø(n) is the spark angle for the nth cycle, Δø the incremental spark advance 
and βΔEk(n) the spark retard applied upon a knocking cycle based on the knock intensity 
above a threshold E0, ΔEk(n)=Ek(n)-Eo. In other words, retard is applied to the spark timing 
upon knock occurrence and incrementally advanced in case of increasing vehicle load. This 
behavior is depicted in Figure 2. Knock has increased severity as load increases and engine 
speed decreases (Jones et al., 2013) and for higher knock rates, the control law described 
in Equation 1 leads to substantial variability of the actuator signal. The main downside of this 
approach lies on the fact that heavy knocking conditions lie in a region of engine operation 
of optimal fuel economy.

Considering the importance of maximizing the efficiency of combustion engines 
due to both environmental and driver experience reasons, a number of alternative knock 
control approaches were proposed throughout the recent years including standard deviation 
knock occurrence control (Schmillen and Rechs, 1991) and the use of fuzzy sets for spark 
timing adjustment (Yue and Li, 2004). In fact, the assumption of knock random nature 
plays a crucial role on knock control advancements and its strong correlation with peak in-
cylinder pressure (Lezius and Drewelow, 2007) further supports the usage of a probabilistic 
framework on the de_nition of knock controllers.

By leveraging this concept and recent studies on how machine learning techniques 
can be conveniently applied to forecast knocking conditions (Panzani et al., 2017), this work 
delivers further research on how to alternatively address the phenomenon.

3 |  LOGISTIC REGRESSION APPLIED TO KNOCK DETECTION
Assuming knock occurrence as a random variable with two possible outcomes, it is 

possible to define the knock signal k(n) as (Panzani et al., 2017)

Given that k follows a Bernoulli distribution, its prediction defines a classification 
problem. One can leverage logistic regression in order to perform statistical inferences about 
how knocking conditions unravel by cyclically calculating log-linear models to accurately 
estimate the probability p of ending up with a knocking cycle. Log-linear models are of the 
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form

Where θ is the linear predictor. The probability p modeled by the logistic function is

Figure 2: Convencional controller operation sketch (Kiencke and Nielsen, 2005)

The logistic function is defined by the unknown parameter β0 and β=[β1 β2...βN]T and 
the features vector X=[x1 x2...xn]. The value of p is determined based on the estimation 
of the unknowm that maximize the likelihood function L(β0, β|x) relative to the respective 
probability density function of the random variable k, and based on a set of n observations,

To ease the computational effort in estimating the unknown parameters it is possible 
to leverage the monotonic property of the logarithm function. In this case, the log-likelihood 
function l(β0, β|x) is maximized instead, whose defies the cost function

The log-linear model proposed in this work is defined by features that correlate with 
knock occurrence and in order to validate it, a 1.3 liter naturally aspirated SI engine high 
pressure is modeled. The engine model encompasses combustion, heat transfer and piston 
kinematics models as well as a knock generator that draws the knock signal based on peak 
in-cylinder pressure values, a quantity that strongly correlates with knock intensity (Lezius 
and Drewelow, 2007).
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4 |  INTERNAL COMBUSTION ENGINE MODEL
The 1.3 liter naturally aspirated internal combustion engine model encompasses the 

compression and expansion strokes of a four stroke spark ignited engine. Its parameters 
are described in Table1. 

In this model it is assumed that the torque generation can be taken as a lumped 
parameter process such that the gas states are not space dependent and the laws for ideal 
gases can be applied, characterizing an one-zone-model.

Rated Engine Parameters

Displacement volume [L] 1.3

Number of cylinders 4

Compression ratio 13.2:1

Piston bore [mm] 70

Table 1: 1.3L naturally aspirated spark ignited engine specification

According the first law of thermodynamics

Where dU and dQ are the incremental quantities for internal energy and supplied 
heat, respectively, and pdW the related mechanical work. For a combustion engine model 
dependent on the crankshaft angle f the energy balance from Equation 7 can be described 
in terms of released and transferred heat, fuel properties and piston displacement as 
(Isermann, 2014)

Where Qf is the gross released heat from combustion, Qw the heat convectively 
transferred to the cylinder walls, mf the fuel mass, V the cylinder volume and p the in-
cylinder pressure. For the internal energy of the enclosed gas at constant volume, holds

with mg and Tg denoting the mixture mass and temperature, respectively, and 
cv the specific heat at constant volume. Equation 9 assumes that the air-fuel mixture is 
homogeneous and completely atomized. Based on the ideal gases equation and assuming 
stationary ideal gas constant R, the derivative of Equation 9 w.r.t. the crankshaft angle is
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Plugging Equation 10 in Equation 9, 

Finally, inserting Equation 11 in Equation 8 and solving for the incremental pressure 
changes yields

Figure 3 shows different in-cylinder pressures profiles for different spark advances 
w.r.t the Top Dead Center of the compression stroke. Positive spark advances mean that the 
spark timing happens during the compression stroke.

Figure 3: In-cylinder pressure profiles for different spark advance angles ø

The more spark advance added the greater the peak in-cylinder pressure. Since 
the compression stroke can be modeled as a polytropic process with sufficient accuracy 
(Eriksson and Andersson, 2002), the temperature of the homogeneous mixture Tg can be 
defined as

Where TIVC and pIVC are the intake manifold air temperature and pressure 
measured at intake valve closure and k is the polytropic coefficient. The Equation 12 includes 
a heat exchange model as well as models for the crankshaft kinematics and the specific 
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