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Sammanfattning 

Som en leverantör av hållbara transportlösningar tillverkar Scania gasmotorer. Tankade 

med biogas minskar dessa utsläppen av koldioxid avsevärt jämfört med standarddiesel. 

Gasmotorerna är utrustade med en trevägskatalysator som omvandlar kolväten, 

kolmonoxid och kväveoxider till mindre skadliga ämnen.  

En misständning innebär utebliven förbränning. Detta beror typiskt sett antingen på fel i 

tändsystemet, fel i bränslesystemet eller felaktigt luft/bränsleförhållande i cylindern. Om 

en misständning sker kan oförbränt bränsle ta sig till katalysatorn, där bränslet förbränns. 

Detta ökar temperaturen i katalysatorn, vilket kan försämra dess prestanda. Det kan även 

leda till ökade utsläpp av kolväten. Fel som kan påverka utsläpp måste enligt lagstiftning 

kontinuerligt övervakas av fordonet. 

Scanias gasmotorer kan komma att säljas på den nordamerikanska marknaden, där kraven 

på misständningsdetektering är striktare än i övriga världen. Det kan även förväntas att 

kommande europeisk lagstiftning kommer att vara strängare än tidigare. Tekniken för 

misständningsdetektering på nuvarande gasmotorer använder dedikerad hårdvara. En 

misständningsdetekteringsmetod som använder signalen från befintliga givare kan leda 

till kostnadsbesparingar. 

Efter en litteraturstudie valdes lämpliga detekteringsmetoder ut för vidare undersökning. 

Data inhämtades från körningar i provcell och analyserades offline. 

Metoder baserade på avgasmottryck och på knacksensordata utvärderades. En algoritm 

utvecklad för misständningsdetektering på Scanias dieselmotorer utvärderades. Med vissa 

modifieringar verkar den gå att tillämpa på gasmotorer. Förenklade varianter av denna 

metod utvärderades, även dessa med lovande resultat. En metod baserad på 

Fouriertransform av lägre ordningens frekvenser i avgastrycksignalen visade utmärkta 

resultat, eventuellt på bekostnad av processorlast. 

En knacksensorbaserad metod uppvisade lovande resultat. Dock verkar placeringen av 

knacksensorerna vara kritisk, och vidare utvärdering krävs. 

Hemligstämplade delar i denna rapport har ersatts av symbolen □. Axelvärden i vissa 

figurer har raderats av samma skäl. 
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Abstract 
As a supplier of sustainable transport solutions, Scania manufactures gas engines. Fueled 

with biogas, they offer a significant decrease in carbon dioxide emissions compared to 

standard diesel. The gas engines are fitted with a three-way catalytic converter, which 

converts hydrocarbons, carbon monoxide and nitrogen oxides from the combustion 

process to substances with less adverse effects. 

A misfire is an undesired lack of combustion. They are typically caused by faults in the 

ignition system, fuel system or by an unsuitable air/fuel ratio. If a misfire occurs, fuel may 

enter the catalytic converter where it combusts. This increases the temperature in the 

catalyst to above its design limit, permanently damaging it. The excess fuel also causes 

increased hydrocarbon emissions. Emission legislation mandates that malfunctions 

causing excess emissions must be continuously monitored by the vehicle. 

The misfire detection on engines sold in the North American market must comply with 

the stringent CARB legislation. It may also be assumed that upcoming European 

legislation will be stricter. Furthermore, current production engines use dedicated 

hardware to detect misfires. A misfire detection method that uses signals from sensors 

already fitted to the engine could result in cost savings. 

A literature study was performed, after which suitable methods to proceed with were 

chosen. Data was collected in an engine test cell, and was analyzed offline. 

Misfire detection methods based on exhaust pressure sensors and knock sensors were 

evaluated. A detection algorithm developed for Scania’s diesel engines was evaluated. 

With some modifications, it appears suitable for gas engines. Simplified variants of this 

method were developed with promising results. A method based on Fourier transform of 

a low-order frequency showed excellent results, perhaps at the expense of processor load. 

A knock sensor based method also showed some promise in detecting misfires. However, 

the position of the knock sensors appears critical, and further investigation is required. 

Classified parts of this thesis are replaced by the symbol □. Some plot axes are erased for 

the same reason. 
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NOMENCLATURE 

Engine cycle: The interval in which all piston strokes are performed on all 

cylinders. For a four-stroke engine, one engine cycle is 720 crank angle degrees 

(two crankshaft revolutions). 

0% load: in this thesis, 0% load is defined as the load where the output torque is 

equal to the friction losses. The engine is not being motored.

Abbreviations 

BDC Bottom Dead Center 

CAD Crank Angle Degrees 

CARB California Air Resources Board 

CI Compression Ignition 

CO Carbon Monoxide 

DFT Discrete Fourier Transform 

DTC Diagnostic Trouble Code 

ECU Electronic Control Unit 

EGR Exhaust Gas Recirculation 

EH Engine Harmonic 

EMP Exhaust Manifold Pressure 

EPA Environmental Protection Agency 

EVO Exhaust Valve Opening 

HC Hydrocarbons 

NOx Nitrogen oxides 

OBD On-Board Diagnostics 

PDF Probability Density Function 

SI Spark Ignition 

STFT Short Time Fourier Transform 

TDC Top Dead Center 
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1 INTRODUCTION 

1.1 Background 

The internal combustion engine has been the 

dominating power source for road transportation 

since the early 20:th century. In the 1940’s, some 

larger cities in the United States experienced 

problems with air quality. This triggered research 

on the causes of air pollution, and some years later 

part of the problem was linked to vehicle 

emissions.  

The first major government initiative to reduce 

emissions was introduced in the United States 

with the amended Clean Air Act of 1970 (He & 

Jin, 2017). A 90% reduction in emissions was 

required by 1975. During the 1980’s, lead was 

phased out as an anti-knock additive in gasoline.   

In the Unites States, emission legislation is 

managed by the Environmental Protection 

Agency (EPA). The state of California has a 

special dispensation to introduce more stringent 

emission standards, managed by the California 

Air Resource Board (CARB). Other states are 

allowed to implement the CARB legislation. 

Currently, 12 other states have done so. (CDTi 

Advanced Materials, Inc., n.d.) 

In 1988, CARB introduced the On-Board 

Diagnostics (OBD) legislation to encourage 

automobile manufacturers to design emission 

control technologies reliable enough to be 

effective during the useful life of the vehicle. In 

1994, a second stage of the legislation was 

introduced as OBD-II. It stipulates that all  

emission-related systems on the vehicle must be 

continuously monitored if a malfunction may 

cause an increase in emission levels. The same 

year, EPA created its own standard known as 

OBD(EPA), which is essentially equivalent to 

OBD-II. Today all passenger cars, light- and 

heavy-duty trucks and buses sold in the United 

States must comply with OBD(EPA), or OBD-II 

in the CARB states.  

In Europe, a similar legislation as the OBD(EPA) 

known as EOBD is in place since 2000 for 

passenger cars, and since 2008 for heavy-duty 

vehicles (Bosch, 2007). 

1.2 Misfire detection 

One requirement in the OBD legislation is misfire 

monitoring. CARB defines an engine misfire as a 

“lack of combustion in the cylinder due to absence 

of spark, poor fuel metering, poor compression, or 

any other cause.” (California Air Resources 

Board, 2016). 

The CARB legislation requires that the OBD 

system shall monitor the engine for misfires 

causing catalyst damage and misfires causing 

excessive emissions. The system shall be able to 

identify the misfiring cylinder and set a 

Diagnostic Trouble Code (DTC) signaling a 

misfire on that cylinder. If more than one cylinder 

is misfiring, a separate DTC for multiple misfiring 

cylinders shall be set. It is then not required to 

identify the individual misfiring cylinders. 

Spark-ignited (SI) engines in stochiometric 

operation are typically fitted with a three-way 

catalytic converter. It converts hydrocarbons 

(HC), carbon monoxide (CO) and nitrogen oxides 

(NOx) from the combustion process to 

components with less adverse effects. For the 

catalytic converter to efficiently reduce these 

pollutants, the composition of the exhaust gas 

must be very close to stochiometric. To achieve 

this, an oxygen sensor is fitted in the exhaust 

system. The oxygen sensor measures the air-fuel 

equivalence ratio (lambda) of the exhaust gas. 

This is used as input to a lambda controller, which 

changes the amount of injected fuel to achieve the 

desired air-fuel ratio. 

If a misfire due to lack of ignition occurs, fuel 

enters the catalytic converter where it combusts. 

This increases the temperature in the catalyst to 

above its design limit, permanently damaging it. 

The excess fuel also causes higher HC emissions. 

If the misfire is caused by fuel injection failure, 

catalyst temperatures may still increase as the 

lambda controller will enrich the mixture in the 

functional cylinders (Platt, et al., 1990).  

CARB defines “excess emissions” as emissions 

above 1.5 times the permitted level. 

Consequently, some misfires are acceptable. It is 

therefore necessary to have an understanding of 

under which condition misfires deteriorate the 

catalyst or cause excess emissions. (Klenk, et al., 

1993) investigated catalyst damage by 
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considering catalyst temperatures of above 

1000 °C as damaging. Misfires were induced at 

various speeds and loads, and the catalyst 

temperature was measured. As illustrated in 

Figure 1.1, a large percentage of misfires could be 

tolerated at low engine speeds and loads. The 

impact of misfires on emission levels was also 

investigated. It was found that a misfire 

percentage of only about 2% was acceptable 

before HC emissions exceeded 1.5 times the 

legislated limit (Figure 1.2). 

 

Figure 1.1: The percentage of misfire allowed before 

assumed catalyst damage (Klenk, et al., 1993). 

 

Figure 1.2: Example of increase in emissions as a function 

of misfire percentage (Klenk, et al., 1993). 

Like the CARB legislation, the European 

emission legislation mandates on-board misfire 

detection. The allowed increase in emission levels 

caused by misfire is less strict compared to the 

legislated values (Table 1) (The European 

Commission, 2014). 

Table 1: Euro 6: Legislated emission levels (World 

Harmonized Transient Cycle, WHTC) and allowed excess 

emissions caused by misfires (OBD Threshold Level, 

OTL). 

 WHTC OTL 

𝑵𝑶𝒙  [
𝑔

𝑘𝑊ℎ
] 0.46 1.2 

𝑪𝑶  [
𝑔

𝑘𝑊ℎ
] 4 7.5 

 

In addition to being a certification requirement, 

reliable misfire detection is a valuable diagnostic 

tool for workshops. Misfires on a single cylinder 

may imply a fault related to the ignition or fuel 

injection on that specific cylinder. Misfires on 

multiple cylinders may indicate that the misfire is 

caused by a fault that affects all cylinders, for 

example a leaking Exhaust Gas Recirculation 

(EGR) valve. 

1.3 Objective 

The deliverables in this thesis are: 

• A comprehensive literature study of the 

various methods of misfire detection 

available: Their advantages and 

disadvantages, and the feasibility to 

implement them on Scania gas engines. 

• To evaluate a misfire detection method 

using exhaust pressure developed for 

diesel engines (Nybäck, 2018). 

• Based on the detection methods identified 

in the literature study and discussions with 

the industrial supervisor, other detection 

methods will be evaluated. If necessary, 

new data will be recorded. The detection 

performance will be quantified. 

1.4 Scope and limitations 

• The methods will be evaluated offline, and 

thus not be implemented in an embedded 

system. 

• The project will focus on evaluating 

signals from sensors already fitted on the 

production engine. 
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2 FRAME OF REFERENCE 

2.1 System description 

Scania currently offers three gas engines: 280 and 

340 hp, 9 liter five-cylinder engines and a 410 hp, 

13-liter six-cylinder engine. They are 

turbocharged SI engines with EGR, running at 

stochiometric combustion. Input to the lambda 

controller is a wide-band oxygen sensor fitted 

near the turbine outlet. Engine knock is monitored 

by accelerometers fitted to the cylinder heads. 

The gas engines use an Electronic Control Unit 

(ECU) by an external supplier. They also feature 

the same in-house developed ECU hardware as 

Scania’s other engines, in this application mainly 

to act as a gateway and communicator between 

the external ECU and the rest of the vehicle 

(Figure 2.1).  

 

Figure 2.1: Schematic view of the control system for 

Scania’s gas engines. 

The engines use a capacitive discharge ignition 

system, which aids the use of ion current 

measuring (Lius, 2018). The external ECU sends 

trigger signals to the ignition coils via an ignition 

module. The ignition module houses capacitors to 

store the electric charge for the ignition coils, as 

well as the circuitry for ion current measurement 

(see section 2.2.2) used for misfire detection. 

If a misfire detection functionality not based on 

ion current measuring is introduced, it may be 

possible to omit the ignition module as well. 

2.2 Misfire detection methods 

Methods used for processing misfire data can be 

divided into two main categories: Time domain 

and frequency domain methods.  

Frequency domain methods typically use Fourier 

transform, where the spectral information of a 

time series is extracted. When the Fourier 

transform is applied to a long time series, no 

information of where the individual frequencies 

are located in time is available. This can be solved 

by a Short Time Fourier Transform (STFT), 

where a sliding, shorter time window is 

transformed. However, the length of the time 

window limits frequency resolution (Chun-Lin, 

2010). A subset of frequency domain methods 

appearing in the literature is based on the wavelet 

transform. The wavelet transform attempts to 

solve the frequency/time resolution trade-off by 

transforming the time domain signal over a short 

burst (“wavelet”) instead of over a sine (Graps, 

1995). 

When detecting a misfire in the time domain, 

some template corresponding to a functional 

cylinder must be established. This may be a 

mathematical model of the system (Kiencke, 

1999) or experimentally determined lookup tables 

stored in the ECU (Nybäck, 2018). Some sources 

(Lee, et al., 2003) (Kiencke, 1999) use a Kalman 

filter along with the template to yield a result less 

susceptible to noise. 

2.2.1 Crankshaft position 

A reciprocating combustion engine only produces 

positive torque during the power stroke. The 

compression stroke in turn produces a negative 

torque. This causes a pulsating torque on the 

crankshaft, and subsequently an uneven engine 

speed. These fluctuations in engine speed can be 

monitored by a crankshaft position sensor. As all 

modern engines use this sensor to control 

injection and/or spark timing, no extra hardware 

is needed.  

(Förster, et al., 1997) implemented a crankshaft 

position-based method on a 12-cylinder SI 

engine. An algorithm was devised that showed 

good results, but required significant on-line 

processing power. 
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The crankshaft position method works best at 

high loads and low engine speeds, where the 

speed fluctuations are most prominent. (Chiatti & 

Chiavola, 2002) points out that difficulties also 

arise at low loads, likely because of low signal-to-

noise ratio. The study also points out that events 

such as fuel cut-off and gear shifting greatly 

influence crankshaft dynamics, and that the 

misfire diagnosis in typically inhibited during 

these events. As speed fluctuations decrease with 

the number of cylinders, engines with a low 

cylinder count are more suitable for this method. 

A major drawback in using the crankshaft 

position method on Scania vehicles is described 

by (Cavina, et al., 2002) and (Baghi Abadi, et al., 

2011): The properties of the crankshaft speed 

fluctuations are not given by the engine alone, but 

also by the stiffness and inertia of the rest of the 

drivetrain. As Scania’s vehicles are offered in a 

wide variety of wheel configurations and vehicle 

lengths, stiffness and inertia of the drivetrain vary 

significantly.  

This method is subject to a number of other 

disturbances. Changes in ignition timing, for 

example as a response to knocking, affects speed 

fluctuations and must be accounted for (Merkisz 

& Waligórski, 2007). The influence of road 

conditions must also be considered (Platt, et al., 

1990).  Furthermore, production variability in the 

concentricity between the sensor teeth and axis of 

rotation causes engine-to-engine variation in the 

misfire detection performance. (Jung, et al., 2016) 

devised an error compensation algorithm for this.  

2.2.2 Ion current 

Ion current-based methods exploit the fact that 

ions are produced during combustion. They are 

generated by two different processes: When the 

flame front passes through the spark plug 

electrode during the initial combustion stage, 

known as the chemical phase, and from 

temperatures above 2000 K known as the thermal 

phase (Figure 2.2) (Cavina, et al., 2011).  

 

Figure 2.2: Simplified illustration of ion current before 

and after a combustion. (Cavina, et al., 2011) 

By adding some features to the ignition circuit, 

the current between the spark plug electrode and 

ground can be measured. A benefit with ion 

current measurement is its ability to distinguish 

between different types of system malfunctions. 

An absence of the coil charge start peak indicates 

a problem with the ignition coil charging system. 

An absence of the spark discharge end peak, but 

presence of the coil charge start peak, implies a 

problem with the spark plug. Problems stemming 

from lack of fuel, and misfires in general, are 

indicated by an absence of the chemical and 

thermal phases. 

Another benefit is the ability to detect knocking, 

which appears as ripples during the thermal phase 

(Cavina, et al., 2011). It is also possible to 

measure the EGR rate: The slower burn rate at 

high EGR levels is detected as a delay of the peak 

in the chemical phase (Ricken & Gessner, 1999).  

2.2.3 Oxygen sensor 

As conventional (switching) oxygen sensors have 

highly non-linear characteristics (Figure 2.3), the 

information available to the lambda controller is 

limited to whether the mixture is lean or rich. 
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Figure 2.3: Typical characteristic of a conventional 

(switching) oxygen sensor. 

In the case of a lack of fuel injection in a cylinder, 

the oxygen sensor will report a lean condition 

until the lambda controller has enrichened the 

mixture on the functional cylinders. The oxygen 

sensor signal will then have a normal appearance, 

but with superimposed high-frequency 

components. These high-frequency components 

are due to the air pumped by the non-functional 

cylinder is not homogenously mixed with the 

exhaust from the functional cylinders (Platt, et al., 

1990). 

In the case of a lack of ignition, the measured 

values from the oxygen sensor vary depending on 

the type of sensor used. A sensor with a high 

amount of catalytic activity may oxidize 

unburned fuel on its surface and will report the 

true air-fuel-ratio. A sensor with less catalytic 

activity may fail to oxidize the fuel and instead 

reports a lean condition, resulting in a high-

frequency oxygen sensor signal component 

similar to a fuel injection failure (Platt, et al., 

1990). 

(Platt, et al., 1990) proposes a detection method 

for switching lambda sensors according to 

Equation 1. 

𝜆𝑑(𝑖) = [𝜆𝑚𝑎𝑥(𝑖) − 𝜆𝑚𝑖𝑛(𝑖)] − [�̅�(𝑖) − �̅�(𝑖 − 1)] 

Equation 1 

The oxygen sensor signal 𝜆 is divided into time 

periods 𝑖 corresponding to each exhaust stroke 

(Figure 2.4). The peak-to-peak amplitude of the 

current 𝑖 is evaluated with [𝜆𝑚𝑎𝑥(𝑖) − 𝜆𝑚𝑖𝑛(𝑖)], 

and slow changes in air-fuel ratio, for example 

from the operation of the lambda controller, are 

removed by subtracting the mean value of the last 

𝑖 from the mean value of the current 𝑖. The result 

𝜆𝑑(𝑖) is then compared to a threshold value. 

 

Figure 2.4 (Platt, et al., 1990) divided the oxygen sensor 

signal into lengths 𝑖, corresponding to the combustion 

period. 

This method builds on the assumption that the 

oxygen sensor considers the exhaust gas from a 

non-functional cylinder to have an abnormally 

lean mixture. As pointed out by (Chung, et al., 

1999), it may be difficult to capture oscillations 

from a switching oxygen sensor during lean 

operation, due to the non-linear characteristics of 

the sensor. Instead, a wide-band oxygen sensor is 

proposed. Figure 2.5 shows the typical 

characteristic of a wide-band lambda sensor 

(Bosch, 2007). The main idea in (Chung, et al., 

1999) is that a misfire causes a higher rate of 

change in oxygen concentration compared to its 

rate of change in lambda controller operation. The 

signal from the oxygen sensor was differentiated 

and its value compared to a threshold value.  

 

Figure 2.5: Output characteristics of the wide-band 

oxygen sensor used on the Scania gas engines. 
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The testing in (Chung, et al., 1999) was performed 

on a naturally aspirated four-cylinder four stroke 

engine. It was pointed out that the time constant 

of the oxygen sensor was significantly slower 

than the period of the exhaust strokes, which may 

cause difficulties in detecting misfires at high 

engine speeds. However, it was found that the 

response time of the sensor was faster with higher 

engine speed, resulting in little change in 

characteristics when evaluated on a crank angle 

base. The method still performed well at 5000 

rpm.  

Since the exhaust gas must travel from the 

cylinder to the oxygen sensor, there is a time delay 

between misfire and potential detection. This time 

delay is likely longer than for other detection 

methods, as the gas velocity is relatively slow 

compared to pressure/vibration propagation or ion 

current measurement. The offending cylinder is 

typically identified using a lookup table 

consisting of expected sensor signal values as a 

function of Crank Angle Degrees (CAD) (Chung, 

et al., 1999), (Platt, et al., 1990). 

Both above sources involve naturally aspirated 

engines, where it has not been considered that a 

turbocharger may have an impact on the ability to 

detect a sudden change in oxygen concentration. 

Depending on the distance to the oxygen sensor 

and the exhaust gas velocity, a misfire may not be 

detected until another cylinder has already fired. 

2.2.4 Cylinder pressure 

Measuring the in-cylinder pressure gives a good 

understanding of combustion performance. 

Without combustion, peak cylinder pressure 

occurs at piston Top Dead Center (TDC), and its 

amplitude corresponds to the compression ratio. 

As combustion mainly occurs after TDC, peak 

pressure consequently also occurs after TCD 

(Figure 2.6). Misfires can be detected by 

comparing the maximum pressure value, when 

the maximum pressure occurs, or the integral of 

the pressure curve to threshold values. 

 

 

Figure 2.6: Difference in cylinder pressure for a misfire 

and combustion on a Scania gas engine at 1400 rpm and 

50% load. 

Apart from misfire detection, the cylinder 

pressure signal can be used for accurate torque 

estimation and knock detection (Assanis & 

Syrimis, 2003). Despite this, cylinder pressure 

sensors have not seen use in mass production due 

to their associated shortcomings. They must 

withstand the harsh environment in the 

combustion chamber, making them prohibitively 

expensive. Their presence puts constraints on the 

design of the cylinder head, competing for space 

with valves and coolant channels. Additionally, 

one sensor per cylinder is required. 

Attempting to gain the benefits of in-cylinder 

pressure measurement without its drawbacks, 

several studies of virtual cylinder pressure sensors 

have been carried out (Ringström, 2017) (Wang, 

et al., 2005). If some more easily measured 

parameter can be related to cylinder pressure, it 

should be possible to use a virtual cylinder 

pressure sensor for misfire detection (Shiao & 

Moskwa, 1994). 

2.2.5 Exhaust manifold pressure 

When an exhaust valve opens, a pressure pulse is 

generated in the exhaust manifold. The fact that 

the exhaust manifold pressure after a misfire and 

a combustion has different properties can be 

utilized for misfire detection by monitoring the 

Exhaust Manifold Pressure (EMP). 

(Ceccarini, et al., 1998) developed an exhaust 

pressure-based misfire detection method for a SI 
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V12 engine. Testing was performed for both 

injection and ignition misfires, where no 

significant difference in exhaust pressure curve 

appearance was found. Although the time-domain 

plots of misfires versus combustions showed 

significant differences, the authors opted for a 

frequency-based method. For each engine cycle, 

the Fourier transform of the exhaust manifold 

pressure signal was performed. A “misfire index” 

was calculated based on the relative amplitude of 

harmonics of the camshaft frequency. It was 

found that lower-order harmonics had 

significantly different amplitudes for a misfire 

cycle compared to a cycle without misfires 

(Figure 2.7). This behavior is also mentioned in 

(Nybäck, 2018) and (Willimowski & Isermann, 

2000). In addition, the misfiring cylinder could be 

identified by the phase of the harmonics. 

 

Figure 2.7: The first harmonics of the camshaft frequency 

had a higher amplitude in a misfire spectrum (Ceccarini, 

et al., 1998). 

The behavior illustrated in Figure 2.7 was utilized 

in a time-frequency method developed by (Chiatti 

& Chiavola, 2002). Using a sliding window along 

the crank angle/time axis,  pressure spectrums as 

a function of crank angle degree were calculated. 

The mean frequency of each spectrum was 

calculated, yielding a mean frequency-time 

history, which was compared to a corresponding 

time history for a non-misfire. The mean 

frequency-time histories were plotted, and 

misfires were identified as dips in mean frequency 

compared to non-misfires. 

(Willimowski & Isermann, 2000) detected 

misfires on a SI V12 engine with a time domain-

based approach. After continuously sampling and 

low-pass filtering the pressure signal, the 

amplitude minima and maxima for each exhaust 

stroke could be found. If the pressure signal is 

normalized around zero, the minima and maxima 

should then have alternating signs in a non-

misfire condition.   

(Nybäck, 2018) devised a method to detect 

misfire on a Scania 6-cylinder Compression 

Ignition (CI) engine by analyzing the exhaust 

manifold pressure. It was found that the difference 

in pressure in the exhaust manifold after a 

combustion was small compared to the pressure 

following a misfire. Since distinguishing a misfire 

from a combustion would require accurate 

absolute pressure measuring, a pattern 

recognition method was instead chosen. Pressure 

traces for combustions and for misfires were 

sampled and used as templates. The method then 

compared actual pressure values to the templates, 

where a deviation between the combustion 

template and measured pressure indicated a 

misfire.   

The engine used by (Nybäck, 2018) had a twin-

scroll turbocharger and separate exhaust banks, 

where the exhaust from cylinders 1-3 and 4-6 does 

not converge until inside the turbine housing. 

When a single pressure sensor mounted in one of 

the banks was used, the exhaust manifold pressure 

in the other bank was attenuated to a degree where 

the misfire detection was not reliable. The 

recommendation was to use one pressure sensor 

for each exhaust bank. 

As there is some distance between the cylinder 

and pressure sensor, there is a time delay 

associated with this method. However, as the 

pressure wave propagation speed is faster than the 

gas flow speed, the time delay should be less than 

that of the oxygen sensor method. Furthermore, 

pressure sensors typically have a much smaller 

time constant compared to oxygen sensors: ~1 

millisecond compared to over 30 milliseconds 

(Nybäck, 2018) (Chung, et al., 1999). 

2.2.6 Vibrations 

In SI engines, the fuel-air mixture is ignited with 

a spark plug in a controlled fashion. However, the 

mixture may also self-ignite on hot surfaces in the 

combustion chamber. The self-ignitions are 

essentially small explosions inside the cylinder 

and create high peaks in cylinder pressure. The 

pressure waves bounce against the walls in the 

combustion chamber, creating oscillations in 

cylinder pressure. The corresponding vibrations 

on the external surface of the engine can be 

detected with an accelerometer: a ”knock sensor”. 
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The knock sensor signal may also be used to 

measure the start of combustion (Järgenstedt, 

2000), potentially providing another misfire 

detection method. 

(Merkisz & Waligórski, 2007) measured 

vibrations in the cylinder block of a 96 liter 

stationary V12 CI engine using 3-axis 

accelerometers. Analyzing the signal in the time 

domain, the acceleration amplitude was 

significantly decreased when a misfire occurred. 

However, the amplitude drop was only evident in 

the direction parallel to the piston motion. 

(Baghi Abadi, et al., 2011) used the signal from 

an existing knock sensor as input to an order 

tracking algorithm. This is a frequency-domain 

method based on the idea that the amplitudes of 

harmonics differ between a functional and non-

functional cylinder. 

(Rugland & Stenlåås, 2019) presents several 

sources where vibrations in the frequency range 

~0.3-5 kHz shows the best correlation to the 

combustion process. (Patro, 1997) found that 

vibrations stemming from combustion are 

contained within a frequency band of 500 Hz to 

3.15 kHz.  

(Järgenstedt, 2000) detected start of combustion 

on a CI engine using knock sensor signals in the 

frequency band 20-30 kHz.  

2.2.7 Other methods 

Other methods include exhaust temperature 

measurement (Tamura, et al., 2011). Using 

thermocouples mounted in the exhaust ports for 

each cylinder, the exhaust gas temperature on a 

stationary engine was monitored for sudden 

temperature drops due to misfire. A single misfire 

was triggered once every 1000 cycles, which 

resulted in a temperature drop from about 490 °C 

to 489°C. Although successful in diagnosing 

stationary engines for service, the method is not 

likely to be able to detect each instance of a 

misfire – only trends. 

An optical method is described in (Merkisz, et al., 

2001). A fiber optic strand is placed in the spark 

plug, transmitting light to a photodetector placed 

elsewhere on the engine. The photodetector 

detects wavelengths of light caused during 

combustion, which can be used to distinguish a 

misfire from a combustion. 
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3 METHOD 

Together with the commissioner and examiner, it 

was decided to proceed with an exhaust manifold 

pressure based method and a knock sensor based 

method.  

3.1 Experiment / engine data 
collection 

3.1.1 Exhaust manifold pressure 

All misfire data was recorded on a Scania 9-liter, 

5-cylinder gas engine in an engine test cell. The 

firing order is 1-2-4-5-3. Laboratory pressure 

transducers from Keller with water-cooled sensor 

heads were fitted flush to the exhaust manifold 

(Figure 3.1). The sensor bandwidth is 50 kHz. The 

sampling rate was 200 kHz. Cylinder pressure 

sensors were also fitted, with a sampling rate of 

0.1 CAD/sample. 

 

Figure 3.1: Exhaust manifold pressure sensor locations. 

Misfires were simulated by shutting off fuel 

injection for the desired cylinders. The test setup 

did not allow for simulating misfires by inhibiting 

ignition. Engine cycles with three misfire types 

were recorded: cycles with misfire on a single 

cylinder, cycles with misfires on cylinders 1 and 

2, and cycles with misfires on cylinders 2 and 5. 

Cycles without misfires were also recorded. For 

each operating point, 500 engine cycles were 

recorded. The operating points used for the single 

cylinder misfire series are tabulated in Appendix 

A: Table 5. 

The operating points used for misfires on 

cylinders 1 and 2 are tabulated in Appendix A: 

Table 6. Each operating point in Table 6 consists 

of a single dataset containing misfires on 

cylinders 1 and 2. 

The operating points used for misfires on 

cylinders 2 and 5 are tabulated in Appendix A: 

Table 7. Each operating point in Table 7 consists 

of a single dataset containing misfires on 

cylinders 2 and 5.  

Pressure sensors suitable for mass production 

have a significantly lower bandwidth than the 

laboratory-grade sensors used. For temperature 

considerations, exhaust pressure sensors are 

typically placed at the end of a pipe connecting 

the sensor to the exhaust manifold. To simulate 

the pressure signal expected in a production 

installation, the raw pressure signal was subjected 

to a digital filter representing the pipe and the 

production pressure sensor. The signal was then 

downsampled to □ samples/CAD. 

In the filter, the production sensor was modeled 

as a first-order system. The pipe was modeled as 

a transfer function with □ poles and □ zeros, 

obtained by system identification in (Nybäck, 

2018). 

The same filter properties as in (Nybäck, 2018) 

were used. 

3.1.2 Knock sensor 

For the knock sensor evaluation, test data specific 

for misfire detection was not available. Instead, 

data recorded for knock sensor calibration was 

used. A motored engine was considered the 

“misfiring” series. It was compared to a test series 

running at 300 Nm without knock, considered the 

combusting series. A third series running at 1220 

Nm with heavy knocking was also used. The 

engine speed was 1500 rpm for all series. For each 

series, 255 complete engine cycles were recorded.  

The 9-liter gas engine is equipped with three 

knock sensors. They are fitted to cylinder heads 

as depicted in Figure 3.2. 
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Figure 3.2: Knock sensors positions. 

The knock sensors used in the test are the standard 

production sensors (Scania P/N □□□□□□□). They 

detect accelerations in one axis (parallel to the 

mounting screw), and have a passband of □-□ 

kHz. The sample rate was 200 kHz. The signal 

was anti-alias filtered through a first order 

low-pass filter with a cutoff frequency of 10 kHz. 

Cylinder pressure sensors were also fitted. 

3.2 Detecting misfires from 
exhaust manifold pressure 

3.2.1 The Nybäck method 

The misfire detection method described in 

(Nybäck, 2018) has been developed for Scania CI 

engines. This thesis investigates if this method is 

suitable to use on SI gas engines. A summation of 

the Nybäck method is given below. 

In (Nybäck, 2018), experiments were done on a 6-

cylinder CI engine. It was found that for some 

operating points, the difference in exhaust 

manifold pressure following a misfire compared 

to the pressure following a combustion was small 

(Figure 3.3). Instead of relying on absolute 

pressure measurement to distinguish a misfire 

from combustion, a pattern recognition method 

was devised. This type of method does not rely on 

accurate absolute pressure sensor values, which 

may be unreliable due to poorly adapted sensors 

or sensor drift.   

 

Figure 3.3: Exhaust manifold pressure on a diesel engine 

after a combustion versus after a misfire. At around 200 

crank angle degrees, a misfire is visible in the exhaust 

manifold pressure trace. This engine has an exhaust 

manifold with separated cylinder banks. The sensor is 

mounted in one of the banks. The pressure signal from the 

other bank is attenuated by the separation, which is why it 

appears like only 3 combustions are visible in the plot. 

From (Nybäck, 2018). 

Suitable crank angle windows where the pressure 

trace between combustion and misfire is different 

are determined for each cylinder (Figure 3.4). In 

these windows, templates are created from the 

average of a large amount of test data. The 

templates contain all applicable events from 

recorded data: For example, a combustion 

template for cylinder 2 is created from all cases 

where a combustion has occurred on cylinder 2, 

regardless of what happens on other cylinders. 

The templates may be based on misfire or on 

combustion pressure traces. Within the crank 

angle window, a normalization point is chosen. At 

this point, the pressure in the template is set to 

zero (Figure 3.5 bottom). The crank angle 

windows and normalization points are empirically 

determined for each operating point. 
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Figure 3.4: Measurement from the 9 liter gas engine. A 

misfire on cylinder 1 (TDC at 0 CAD) is identified as a dip 

in exhaust manifold pressure at around 176 CAD. The 

gray area is the crank angle window used for the Nybäck 

method. 

 

Figure 3.5: Measurement from the 9 liter gas engine.  

Top: the crank angle interval used for identifying misfires 

on cylinder 1 (TDC at 0 CAD) is set to be between 140-

220 CAD. The blue lines correspond to pressures recorded 

following a combustion. Their average is the combustion 

template. Similarly, the red lines are pressures following a 

misfire. Their average is the misfire template.                      

Bottom: Normalized pressure traces and templates. The 

normalization point is here selected to be 176 CAD. 

The exhaust manifold pressure is sampled inside 

the crank angle windows. An index is calculated 

by comparing the measured pressure trace to the 

template. The method used for the comparison is 

residual analysis (Equation 2). In this method, the 

sum of the difference squared between each 

sampling point in the sampled pressure 𝑥[𝑘] and 

template 𝑡[𝑘] is calculated. If the sampled 

pressure is identical to the template, the sum of 

residuals is zero. 

𝑠𝑢𝑚 𝑜𝑓 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠 = ∑(𝑥[𝑘] − 𝑡[𝑘])2

𝑁

𝑘=1

 

Equation 2 

A requirement for a successful misfire detection 

algorithm is the ability to reliably distinguish a 

misfire from a combustion. The Nybäck method 

uses a statistical approach to find the margin. 

For each expected combustion, the method 

computes the sum of residuals (Equation 2) in the 

chosen crank angle window. Histograms of the 

sets of residuals are plotted in Figure 3.6, where 

the histogram of all combustion residuals are 

plotted in blue and all misfire residuals are plotted 

in red. When the pressure signal is evaluated 

against a combustion template using residual 

analysis, most of the combustion residuals are 

located around zero. Probability Density 

Functions (PDF) for both the set of combustion 

residuals and the set of misfire residuals are 

calculated using the Gamma distribution. The 

values inside which 99.9% of all residuals are 

expected to be found are calculated. If the 99.9%-

point lines for the combustion and misfire 

distributions are separated by some distance, then 

there exists a calibration threshold value able to 

separate misfires from combustions with at least 

99.9% confidence (three standard deviations).  

Figure 3.6 shows the residuals in a crank angle 

window evaluated against a combustion template. 

 

Figure 3.6: Sum of residuals in a crank angle window 

evaluated against a combustion template. The 99.9%-lines 

are separated by a large distance compared to the ranges 

of the distributions. In the illustrated case, it should be 

possible to distinguish misfires from combustions with 

good confidence using a residual threshold of about 0.45. 

Only normalized pressure evaluated with 

Residual analysis is used throughout this report. 
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3.2.2 Quantifying misfire 
detectability 

The Nybäck method presents results as passes or 

fails. In order to quantify the performance of the 

method, a measure with higher resolution is 

introduced. Figure 3.7 illustrates the PDFs of 

combustions and misfires for a given cylinder and 

operating point. At some point along the 

horizontal axis, the PDFs intersect. The residual 

value at this intersection point is considered the 

threshold value separating combustions and 

misfires. The area of A then corresponds to the 

probability that a misfire is erroneously reported 

as a combustion. Similarly, the area of B 

corresponds to the probability that a combustion 

is reported as a misfire.  

 

Figure 3.7: Overlap of combustion and misfire PDFs. 

3.2.3 Gas engine data vs. diesel 
engine data 

Unlike the diesel engine tested in (Nybäck, 2018), 

the 5-cylinder gas engine does not have separated 

cylinder banks (Figure 3.8).  

 

Figure 3.8: Cross section of the turbo manifold on the 9-

liter gas engine. 

In (Nybäck, 2018), the pressure traces from 

cylinders 1-3 and 4-6 differ significantly in 

magnitude depending on the position of the 

sensor. Therefore, two pressure sensors are 

required: One for each cylinder bank. The 

pressures in Figure 3.9 are sampled on the 

5-cylinder gas engine with the pressure sensors in 

positions A, B and F (see Figure 3.1). The 

pressure peaks and dips from normal combustion 

are approximately similar in magnitude, 

regardless of sensor position. With this insight it 

is concluded that the EMP is not significantly 

dissimilar at different locations on the 5-cylinder 

gas engine. Therefore it does not require multiple 

pressure sensors, and only data from the exhaust 

manifold pressure sensor in position F will be 

used throughout this report. 

 

Figure 3.9: Exhaust manifold pressures from sensor 

location A, E and F. The pressure signals from different 

sensor positions are similar. Data from the gas engine. 

In Figure 3.10, exhaust manifold pressure from a 

low-load low-speed and a low-load high-speed 

operating point are plotted and compared to 

similar plots from (Nybäck, 2018) (Figure 3.11). 
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Figure 3.10: Exhaust manifold pressure on the gas engine 

during normal combustions and misfires on cylinder 1. 

At 800 rpm and 10% load (Figure 3.10 top), a 

dip in EMP following a misfire is noted. 

Pressure starts to rise again at 186 CAD. This is 

followed by an overshoot in pressure after the 

subsequent combustion. At a similar load point 

on the diesel engine (Figure 3.11), the EMP does 

not drop following a misfire, but initially 

increases to remain constant. 

At 2400 rpm and 10% load on the gas engine 

(Figure 3.10 bottom), the EMP following a 

misfire makes a significant dip and does not start 

to rise again until about 220 CAD. The EMP 

peak created following a normal combustion on 

cylinder 2 (between 300 and 400 CAD) has 

essentially disappeared from the pressure curve. 

On the diesel engine, the shape of the pressure 

curve is rather similar between a combustion and 

misfire, mainly differing by a lower peak 

pressure following the misfire, as seen in Figure 

3.11 bottom. 

 

Figure 3.11: Exhaust manifold pressure on the diesel 

engine during normal combustions and misfires on 

cylinder 6 (Nybäck, 2018). 

The exhaust stroke of a 4-stroke engine can be 

divided into two separate phases. The pressure 

difference between the cylinder and exhaust 

manifold is typically high at Exhaust Valve 

Opening (EVO). When the exhaust valves open, 

the pressure difference causes a high mass flow 

from the cylinder into the exhaust manifold. This 

is known as blowdown. The blowdown phase 

continues until cylinder and exhaust manifold 

pressure equilibrate (Heywood, 1988).  

The expulsion of gas by the upwards traveling 

piston is known as the scavenging phase. This 

phase can be considered a constant pressure 

process, where the cylinder pressure remains 

slightly above atmospheric (Pulkrabek, 1997). 
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In Figure 3.12, the EMP following a combustion 

and a misfire is plotted together with cylinder 

pressure and piston position. Figure 3.13 

provides a more detailed view of the exhaust 

manifold pressures in Figure 3.12. 

Combustion: 

At 149 CAD, the exhaust valves open. The 

pressure in the cylinder is about □ bar, higher than 

the exhaust manifold pressure of □ bar. This 

creates an exhaust blowdown, where EMP 

increases as the pressures equalize. At 167 CAD 

the EMP peak occurs, and EMP and cylinder 

pressure is approximately equal. The blowdown 

phase is complete before the piston has reached 

Bottom Dead Center (BDC) at 180 CAD. 

Between about 170-190 CAD, the piston is almost 

stationary, and EMP drops as gasses evacuate 

through the tailpipe. As the piston increases its 

speed upwards, the scavenging phase starts. The 

cylinder pressure remains almost constant. Due to 

the pressure drop across the exhaust valve, EMP 

is kept at a slightly lower pressure.  

Misfire: 

Unlike diesel engines, SI engines typically 

regulate load with an intake throttle. At low loads, 

the throttle is partially closed and boost pressure 

is low. The pressure drop across the almost-closed 

throttle results in an inlet manifold pressure lower 

than the ambient air. If a cylinder misfires, the 

cylinder pressure at EVO is approximately the 

same as the inlet manifold pressure as no energy 

has been transferred to the cylinder. Therefore, 

the cylinder pressure is lower than the EMP when 

the exhaust valves open. Instead of a blowdown, 

this pressure difference causes a backflow of gas 

from the exhaust manifold into the cylinder. The 

negative peak in EMP occurs at 188 CAD, later 

than the positive peak from combustion. This 

delay is caused by the piston motion: When the 

exhaust valves open, cylinder and exhaust 

manifold pressure begin to equalize. In the 

combustion case, the downwards traveling piston 

assists the decrease in cylinder pressure. 

Following a misfire, the increase in cylinder 

pressure is counteracted by the downwards 

travelling piston (see Figure 3.12). It can therefore 

be concluded that the pressure equalization is a 

slower process after a misfire than after a 

combustion. 

 

Figure 3.12: Piston position, cylinder pressure and 

exhaust manifold pressure following a combustion and a 

misfire on cylinder 1. 800 rpm, 0% load. Data from the 

gas engine. 

 

Figure 3.13: Zoom-in on the exhaust manifold pressures in 

Figure 3.12. 

Another aspect to consider are cycles with misfire 

on more than one cylinder. Figure 3.14 shows the 

exhaust manifold pressures for cycles with a 

misfire on cylinder 2, cycles with a misfire on 

cylinder 5 and cycles with misfires on cylinder 2 

and 5. The exhaust manifold pressure during 

cycles with misfires on cylinder 2 and 5 appears 

similar to two single misfire cycles superimposed 

on each other: EMP following misfires for the 

cycle with two misfires separated by a 

combustion closely matches the pressures from 

cycles with single cylinder misfires.  
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Figure 3.14: Cycles with misfire on cylinder 2, misfire on 

cylinder 5 and misfires on both cylinder 2 and 5. Data 

from the gas engine. 

Figure 3.15 shows a cycle with two consecutive 

misfires at low engine speed. The misfire on 

cylinder 1 can be detected at about 180 CAD, and 

the misfire on cylinder 2 at about 320 CAD. Now, 

the EMP trace for the second misfiring cylinder 

(black) is significantly different from the pressure 

trace following a misfire on cylinder 2 alone 

(pink). However, the shape of the EMP curve after 

the second misfire is still significantly different 

compared to a combustion. 

 

Figure 3.15: Cycles with misfire on cylinder 1, misfire on 

cylinder 2 and misfires on both cylinder 1 and 2. Data 

from the gas engine. 

Now consider the case with consecutive misfires 

at high engine speed. On the diesel engine (Figure 

3.16), the EMP curve appears as two single 

misfires after each other (compare to Figure 3.11). 

On the gas engine (Figure 3.17), the EMP trace 

appears to be “phase shifted” compared to the 

EMP during normal combustion. This property 

will turn out to be important when the Nybäck 

method is evaluated on the gas engine. 

Both the misfire and combustion curves have 

peaks at about 350 CAD. On the combustion 

curve the pressure increase is due to blowdown. 

On the misfire curve, the peak is due to 

scavenging on cylinder 1. If the two pressure 

traces are normalized in a crank angle window 

between about 320-400 CAD, the overall pattern 

would appear relatively similar, even though one 

curve represents a combustion and the other a 

misfire. 

 

Figure 3.16: Cycles without misfires and cycles with 

misfires on both cylinder 3 and 5. Data from the diesel 

engine. 

 

Figure 3.17: Cycles without misfires and misfires on both 

cylinder 1 and 2. Data from the gas engine. 

An attempt to explain this behavior is given below 

(Figure 3.18). 
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Figure 3.18: The effect of cylinder events on the EMP 

trace. Data from the gas engine. 

At (1), the exhaust valves on cylinder 1 open. At 

this operating point, cylinder pressure is 

significantly lower than the exhaust manifold 

pressure. This results in backflow of gas from the 

exhaust manifold to the cylinder, and 

subsequently a decrease in EMP. 

At (2), the cylinder pressure and exhaust manifold 

pressure have equalized. It is believed that the 

inertia of the gas flowing into the cylinder causes 

the EMP to drop further. 

At (3), the exhaust valves on cylinder 1 are still 

open. The piston on cylinder 1 is rapidly moving 

upwards, resulting in an increase in EMP. 

At (4), the exhaust valves are open on both 

cylinder 1 and 2. Scavenging on cylinder 1 is still 

attempting to increase EMP, while backflow into 

cylinder 2 tries to decrease EMP. The results is an 

exhaust manifold pressure that rests at lower than 

ambient pressure.  

At (5), the exhaust valves on cylinder 1 have 

closed. Now, the exhaust manifold pressure is 

only affected by backflow into cylinder 2, 

decreasing EMP. However, at (5) the pressure in 

cylinder 2 has had time to partly equalize with the 

EMP and the scavenging phase has started on 

cylinder 2. Therefore, the minimum EMP at (6) is 

higher than at (3).     

It was suspected that the overshot in EMP 

following a misfire (Figure 3.10) may be partly 

caused by the engine control system, as it may try 

to compensate the lack of torque from the 

preceding misfire. To investigate this, the 

cylinder pressures were plotted for a misfiring and 

non-misfiring cycle (Figure 3.19). Since the 

cylinder pressure for the combusting cylinder is 

approximately the same following a misfire 

compared to following a combustion, the 

conclusion is that the ECU/test cell is not actively 

trying to increase torque.  

 

Figure 3.19: Cylinder pressure for cycles with and without 

misfire on cylinder 1. 800 rpm, 50% load. 

One explanation for the overshoot is that 

following a misfire, the decreased energy in the 

exhaust gas slows down the turbocharger. The 

subsequent combustion attempts to accelerate the 

turbocharger, causing an apparent increase in 

pressure drop. 

3.2.4 The sawtooth method 

The Nybäck method was conceived due to the fact 

that the absolute EMP values following a misfire 

is not significantly different from a combustion 

(Figure 3.11, Figure 3.16). As discussed in section 

3.2.3, this is not the case on the gas engine: The 

relative difference in EMP following a misfire 

compared to a combustion is significant. 

From this insight, an alternative method is 

developed. As exhaust manifold pressure data for 

the gas engine suggests that an elaborate pattern 

recognition method is not necessary, the proposed 

method uses significantly less sampling points as 

illustrated in Figure 3.20. Exhaust pressure at 

crank angle degrees A, B and C are sampled. The 

angle 𝛼 between the lines A-B and B-C is then 

calculated. The angles from combustion and 

misfire events are then evaluated similarly to the 

Nybäck method residuals as described in section 

3.2.1 and 3.2.2.  For the following cylinder, the 

angle between C-D and D-E is calculated. The 

appearance of the lines gives this method its 

name: the Sawtooth method. 
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Figure 3.20: Example of sampling points for the sawtooth 

method at low engine speed. 

Benefits of this method compared to the Nybäck 

method include a decrease in processor load, as 

well as a decrease in memory usage as no 

template values need to be stored – only threshold 

values. 

The sawtooth method may perform worse at high 

engine speeds, where the EMP peaks are located 

at different crank angle degrees following a 

combustion compared to following a misfire. The 

sampling point B is chosen to be between the 

positive EMP peak from combustion and the 

negative EMP peak following a misfire, as 

illustrated in Figure 3.21. 

Figure 3.22 shows an example of the sawtooth 

method applied to test data, with its 

accompanying statistical evaluation in Figure 

3.23. The distinct clusters are caused by the fact 

that combustions on cylinder 1 are evaluated from 

series with misfires on other cylinders. The 

exhaust manifold pressure does not instantly 

normalize following a misfire.  

 

Figure 3.21: Example of sampling points for the sawtooth 

method at high engine speed. 

 

Figure 3.22: The sawtooth method evaluated on cylinder 

1. 800 rpm, 30% load. 

 

Figure 3.23: Histogram of the angles 𝛼 created from data 

in Figure 3.22. 
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3.2.5 The slope method 

A variant of the sawtooth method is evaluated, 

where the slope of the exhaust manifold pressure 

at blowdown/backflow is used as a metric (Figure 

3.24). 

 

Figure 3.24: Sampling points for the slope method 

The method is calibrated by choosing a crank 

angle interval (𝑐𝑎𝑑𝑖 and 𝑐𝑎𝑑𝑛) for each cylinder 

and operating point. The number of sampling 

points 𝑛 is chosen, and additional sampling points 

(𝑐𝑎𝑑𝑖+1 to 𝑐𝑎𝑑𝑛−1) are evenly distributed within 

the crank angle interval. Five sampling points are 

used for the evaluation. 

The slope is calculated using Equation 3 (Olive, 

2017), where 𝑐𝑎𝑑̅̅ ̅̅ ̅ is the average of the crank angle 

values at the sampling points and �̅� is the average 

of the sampled pressures.  

𝑠𝑙𝑜𝑝𝑒 =
∑ (𝑐𝑎𝑑𝑖 − 𝑐𝑎𝑑̅̅ ̅̅ ̅)(𝑝𝑖 − �̅�)𝑛

𝑖=1

∑ (𝑐𝑎𝑑𝑖 − 𝑐𝑎𝑑̅̅ ̅̅ ̅)2𝑛
𝑖=1

 

Equation 3: The slope is calculated with simple linear 

regression.  

Figure 3.25 and Figure 3.26 show examples of the 

slopes for low and high engine speeds. 

 

Figure 3.25: Example of sampling points for the slope 

method at low engine speed. 

 

Figure 3.26: Example of sampling points for the slope 

method at high engine speed. 

The difference in slope after a combustion and a 

misfire is then evaluated in a similar fashion as in 

the Nybäck and Sawtooth methods, with one 

addition: When all combustions on a particular 

cylinder is used to create the PDF, its fit to the 

distribution is sometimes poor (Figure 3.27). This 

is caused by the presence of misfires on other 

cylinders in the combustion series – the EMP has 

not fully returned to normal after a misfire on a 

preceding cylinder. 

Instead of grouping combustions and misfires 

from all series into single distributions, separate 

PDFs are now created for each series. An example 

of the result is illustrated in Figure 3.28. Statistics 

are then generated from the worst case misfire and 

combustion distribution.  
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Figure 3.27: When all combustions slopes are lumped into 

a single distribution, the fitted PDF does not represent the 

distribution very well. 

 

Figure 3.28: Separating events from different series 

creates more reliable statistics. 

3.2.6 Fourier analysis on a 
complete engine cycle 

In (Ceccarini, et al., 1998), a misfire detection 

method using frequency analysis on complete 

engine cycles is presented. A Discrete Fourier 

Transform (DFT) was performed on an exhaust 

manifold pressure time series. Misfires were 

detected by a change in magnitude of lower-order 

harmonics (Figure 2.7). The DFT is defined as: 

𝑋𝑘 = ∑ 𝑥𝑛 ⋅ 𝑒−
𝑗2𝜋𝑘𝑛

𝑁

𝑁−1

𝑛=0

 

Equation 4 

where 𝑋𝑘 is the value of the transform in 

frequency bin 𝑘, 𝑥𝑛 is the value of the time 

domain signal at sampling point 𝑛 and 𝑁 is the 

number of sampling points. The number of 

frequency bins 𝑘 is the same as the number of 

samples 𝑁. The frequency bins are separated in 

frequency according to Equation 5, where 𝐹𝑠 is the 

sampling frequency.  

∆𝑓 =
𝐹𝑠

𝑁
 

Equation 5: Frequency resolution of the DFT. 

For every frequency bin 𝑘, the sum in Equation 4 

is evaluated from 𝑛 = 0 to 𝑛 = 𝑁 − 1. The 

computational complexity of the transform is 

therefore 𝒪(𝑁2) complex multiplications. With 

the Fast Fourier Transform algorithm, the 

complexity can be reduced to 𝒪(𝑁 𝑙𝑜𝑔2𝑁) 

(Lohne, 2017). The complexity for calculating a 

single frequency bin is 𝒪(𝑁). 

Since the exponential part of the DFT can be 

evaluated with Equation 6 (Euler’s formula), the 

transform can be interpreted as comparing the 

time series signal to sines and cosines which 

increase in frequency as 𝑘 increases.  

𝑒−
𝑗2𝜋𝑘𝑛

𝑁 = 𝑐𝑜𝑠 (
2𝜋𝑘𝑛

𝑁
) − 𝑗 ⋅ 𝑠𝑖𝑛 (

2𝜋𝑘𝑛

𝑁
) 

Equation 6: The exponential part of the DFT can be 

expressed as sines and cosines using Euler’s formula. 

The value of each 𝑋𝑘 is a complex number with a 

magnitude and a phase (Figure 3.29). Results 

from the DFT can be presented as the magnitude 

of each bin (the frequency spectrum), and the 

phase of each bin. The latter may be explained as 

“how many degrees a sine wave with frequency 

𝑘 ⋅ ∆𝑓 must be phase shifted until the best 

correlation with 𝑥 is achieved”. 

 

Figure 3.29: The result of the DFT is a complex number in 

each frequency bin. 

The first bin, where 𝑘 = 0 and the frequency is 

zero, holds information about the signal’s DC 

offset. As other bins are not affected by the DC 

offset, the pressure values do not need to be 

normalized. When the sampling rate is based on 

crank angle degrees, frequency bin 𝑘 = 1 always 

corresponds to half the crankshaft rotational 

frequency. 

(Ceccarini, et al., 1998) found that the phase 

information in frequency bin 𝑘 = 2 can be used to 

identify misfiring cylinders. The rationale is that 

the DFT considers the irregularity in EMP from a 

misfire to resemble a sinusoid of 
2

5
 the firing 

frequency (Figure 3.30). The phase of bin 2 then 
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contains information on how much the black 

curve must be phase shifted until it “finds” the 

irregularity (a dip instead of a peak) in EMP 

caused by the misfire. 

 

 

Figure 3.30: Similarity between of a misfire and a sinusoid 

of 2/5 the firing frequency. 1200 rpm.  

3.2.7 Band pass filtered time series 

In the knock detection implementation on the 

Scania gas engines, the acceleration in the 

cylinder head is sampled. A band pass filter is 

applied to the signal, filtering out frequencies 

other than the knock frequency. The amplitude of 

the filtered signal is then compared to a threshold 

value. It is investigated if a similar approach, 

applied to the exhaust manifold sensor signal, can 

be used for misfire detection. 

The frequencies relevant to knock detection is 

extensively studied (see section 3.3.1). In the 

misfire case, it is less apparent which frequencies, 

if any, are of interest. One theory is that the 

exhaust flow past the exhaust valve stems cause a 

Von Kármán vortex street: a phenomenon where 

flow past an object causes swirling vortices of 

alternating directions. The frequency of the vortex 

street is a function of flow velocity (Blinder, 

2011). 

During blowdown the flow across the exhaust 

valve is typically choked, as the pressure 

difference between cylinder and exhaust manifold 

is high. When the flow is choked, its velocity is 

constant at the speed of sound. Although the local 

speed of sound changes as the temperature drops 

in the cylinder, the velocity and thus the vortex 

street frequency remains within a relatively 

narrow range.  

As discussed on section 3.2.3, misfires are 

followed by a backflow into the cylinder. Any 

vortex street should then be directed into the 

cylinder, and not be picked up by the exhaust 

manifold pressure sensor. 

To find where and how the frequency content 

differs between combustion and misfire cycles, 

spectrograms are created using Short Time 

Fourier Transform. The EMP time series are then 

filtered with a band pass filter. The passband 

corresponds to the frequency range where the 

cycles were different according to the 

spectrograms. 

It is then assessed whether the difference in 

amplitude between band passed pressure data can 

be used to reliably distinguish combustions from 

misfires. 

3.3 Knock sensor 

3.3.1 Knock 

Knock can be identified as oscillations in cylinder 

pressure. These oscillations are in turn picked up 

by the knock sensor as vibrations in the cylinder 

head (Figure 3.31).  

 

Figure 3.31: Cylinder pressure (red) and knock sensor 

signal (blue) in a knocking cylinder. 

The knocking frequency is a function of the 

geometry of the combustion chamber and speed 

of sound, and can be estimated with Equation 7 

(Järgenstedt, 2000), 

𝑓𝑘 = 𝜌𝑚𝑛

𝑐

𝜋𝐵
 

Equation 7: Knock frequency. 

where 𝐵 is the cylinder bore. The speed of sound 

𝑐 can be calculated with Equation 8, 

𝑐 = √𝛾𝑇𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 
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Equation 8: Local speed of sound. 

where 𝛾 is the adiabatic index of the gas (1.4 for 

dry air), 𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 is the specific gas constant 

(287 [
𝐽

𝑘𝑔⋅𝐾
] for dry air), and 𝑇 is the combustion 

temperature. 

The mode forms 𝜌𝑚𝑛 correspond to different 

ways the pressure waves may bounce in the 

cylinder (Draper, 1934). The mode forms are 

given as specified in Table 2 (Nakamura, et al., 

1987) (Draper, 1934).  

                 Table 2: Knock mode forms. 

𝜌10 1.841 

𝜌20 3.054 

𝜌01 3.832 

𝜌30 4.201 

𝜌11 5.332 

𝜌22 6.75 

𝜌02 7.01 

𝜌13 8.53 

𝜌23 10.15 

𝜌03 10.3 

The knock sensor spectra of an operating point 

with heavy knock and an operating point without 

knock were calculated, and are illustrated in 

Figure 3.32. The spectra were calculated from the 

entire data series consisting of 225 engine cycles. 

 

 

Figure 3.32: spectra of the knock sensor signal for an 

operating point with heavy knocking and for an operating 

point at low load and no knocking. 1500 rpm. 

Setting 
𝑐

𝜋𝐵
 as 

3.6 𝑘𝐻𝑧

𝜌10
, the rest of the knock 

frequencies 𝑓𝑘 were calculated with Equation 7 

and are presented in Table 3. The predicted values 

have a reasonably close resemblance to measured 

values. 

          Table 3: measured vs. calculated knock frequencies. 

Mode 

form 

Predicted 
value [kHz] 

Measured 
value [kHz] 

𝜌10 − 3.6 

𝜌20 5.87 5.3 

𝜌01 7.47 7.0 

𝜌30 8.2 7.6 

𝜌11 10.4 9.7 

𝜌22 13.2 13.3 

𝜌02 13.7 𝑁/𝐴 

𝜌13 16.7 17.7 

𝜌23 19.85 N/A 

𝜌03 20.14 21.7 

3.3.2 Valve events 

Vibrations from knocking is not the only thing 

picked up by the knock sensor. As seen in Figure 

3.33, the maximum cylinder pressure in cylinder 

1 does not correspond to any significant peaks in 

the knock sensor signal when the engine is 

motored. However, large vibration amplitudes are 

generated as the valves on cylinder 1 close. The 

intake valves close at approximately the same 

time as a combustion would occur in cylinder 3. 

The exact time a valve closes against its seat is 

affected by valve adjustment and tolerances, and 

can vary over a relatively large span of crank 

angle degrees. Is not possible to define a crank 

angle interval where it can be assumed that 

vibrations only stem from combustion/knocking.  

 

 

Figure 3.33: Cylinder pressures, knock sensor signal A 

and valve closing events on cylinder 1. Motored engine. 
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Any method for sensing combustion with the 

knock sensor signal must be able to distinguish 

vibrations stemming from combustion from 

vibrations stemming from valve closings. Also, 

the method should not rely on frequencies where 

knocking is prominent, as combustion may occur 

without knock. 

3.3.3 Knock sensor signals 

In Figure 3.34, the spectra of the knock sensor 

signals for a cycle with heavy knocking (blue) and 

a motored engine (red) is plotted. The spectra are 

created from the knock sensor signal in the crank 

angle interval 550-650 CAD (see Figure 3.33).  

There is a large difference in frequency content in 

knock sensors B and C. The knocking frequencies 

seen in Figure 3.32 are clearly visible. The signal 

from knock sensor A is roughly similar for both 

operating points.  

 

 

Figure 3.34: Knock sensor spectra during a combustion 

with heavy knocking on cylinder 3 (blue) compared to a 

motored engine (red). Created from the average of the 

spectra for all 225 engine cycles. 

It was investigated if there is some frequency 

band in the knock sensor signal separating a 

motored engine and an engine running at low load 

without knock. It was expected that any 

differences in the spectra are caused by the 

presence of combustion. 

In Figure 3.35, the spectra of the knock sensor 

signals in the interval 550-650 CAD (see Figure 

3.33) is plotted. The running engine has a higher 

energy content on knock sensor A between 10-16, 

19-25 and 40-70 kHz. The signals from knock 

sensors B and C, which were apparently suitable 

for detecting knock, now show little difference 

between the motored and the running engine. It is 

therefore believed that the energy difference at 

19-25 kHz on knock sensor A is not caused by 

knocking. 

 

Figure 3.35: Knock sensor spectra during a combustion on 

cylinder 3 at low load (blue) compared to a motored 

engine (red). Created from the average of the spectra for 

all 225 engine cycles. 

The exhaust valve closing (330-430 CAD in 

Figure 3.33) does not coincide with combustion 

on any cylinder. The knock sensor spectra should 

then not be significantly different between a 

motored and a running engine. The knock sensor 

spectra between 330-430 CAD are plotted in 

Figure 3.36. The spectra between a motored and 

running engine are now clearly more similar 

compared to between 550-650 CAD. 

 

 

Figure 3.36: Knock sensor spectra between 330-440 CAD, 

corresponding to the closing of an exhaust valve. Created 

from the average of the spectra for all 225 engine cycles. 
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3.3.4 Quantifying combustion 
detection performance 

Similar spectra as in Figure 3.35 were created for 

all cylinders. From these, suitable frequency 

bands to use for combustion detection, and which 

knock sensor to use for each cylinder, were 

defined. A suitable band pass filter was applied to 

the knock sensor signal. The absolute value of the 

filtered signal was then integrated in crank angle 

intervals where combustion occurs (Figure 3.37). 

Histograms of the distribution of the integrals 

were created, and probability densify functions 

were fitted to the distributions as described in 

sections 3.2.1 and 3.2.2. 

 

Figure 3.37: The absolute value of the band pass filtered 

signal is integrated in a window where combustion occurs. 

The knock sensor most suitable for detecting 

knock was also investigated. Spectra were created 

from the knock sensor signals from the heavy 

knocking dataset. The most suitable sensor was 

chosen by inspecting the spectra. 
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4 RESULTS AND 
DISCUSSION  

4.1 The Nybäck method 
evaluated on a spark-
ignited engine 

Three test cases were tried: single cylinder 

misfires, single cylinder misfires and misfires on 

cylinders 2 and 5, and one case with all available 

misfire data, including single cylinder misfires, 

consecutive misfires on cylinders 1 and 2, and 

misfires on cylinders 2 and 5. Calibration of the 

crank angle windows and normalization points 

were performed on the single cylinder misfire 

dataset. The same calibration was then used for all 

test cases. 

4.1.1 Single cylinder misfire 

When applied to the dataset containing single 

cylinder misfire data, the Nybäck method 

generally performs well. For almost all operating 

points, the method passes the statistical test 

described in chapter 3.2.1. The exceptions are at 

2000 rpm and 20% load, and at 2390 rpm and 

10% load. The exhaust pressure patterns at the 

latter operating point are plotted in Figure 4.1 and 

Figure 4.2. Several attempts were made to 

calibrate the crank angle windows and 

normalization points to achieve a pass, but 

without success. 

 

 

 

 

Figure 4.1: The exhaust pressure from cycles without 

misfire and cycles with misfire on cylinder 5. The thin 

black and blue lines correspond to one engine cycle each 

in the dataset. 

 

Figure 4.2: Closeup of the crank angle window suitable 

for detecting misfires on cylinder 5. Before normalization. 

Figure 4.3 shows a histogram of the residuals for 

cylinder 5 at this operating point. The 

distributions have a significant overlap, and no 

calibration threshold can be set to reliably 

distinguish a combustion from a misfire. 

 

Figure 4.3: Histogram of residuals, 2390 rpm, 10% load. 

The method’s overall ability to distinguish 

misfires from combustions is presented in 

Appendix B: Table 8. The cell values are 

calculated as the sum of A (false negatives) and B 
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(false positives, see Figure 3.7) for all cylinders, 

divided by the number of cylinders. Black cells 

denote operating points where one or more 

cylinders fail the statistical test. 

The failing operating points in Table 8 are 

tabulated in Appendix B: Table 9, where values 

of A and B for each cylinder are presented. We 

find that at 2000 rpm and 20% load, cylinder 2 

fails. At 2390 and 10% load, cylinder 5 fails as 

illustrated in Figure 4.3. The results should be 

interpreted as at 2390 and 10% load, there is a 

0.149% chance that a misfire on cylinder 5 is 

erroneously categorized as a combustion, and a 

0.344% chance that a combustion on cylinder 5 is 

erroneously categorized as a misfire. 

4.1.2 Single cylinder misfire + 
misfires on cylinder 2 and 5 

The series with misfires on cylinder 2 and 5 were 

added to the dataset. The results are presented in 

Appendix B: Table 10. As the misfire on cylinders 

2 and 5 were recorded at fewer engine speeds than 

the single cylinder misfire dataset, only the shared 

engine speeds are analyzed.  

In this test case, the method fails at four operating 

points marked with black in Table 10. The 

detection performance per cylinder for these 

operating points is presented in Table 11. 

Although the overall detection performance is 

worse with four failing operating points, the 

method still works reasonably well: The worst 

case is at 2200 rpm and 5% load, where 0.581% 

of combustions are erroneously categorized as 

misfires. It appears as misfires on two non-

consecutive cylinders only has a minor impact on 

the overall misfire detectability. 

The load point at 2000 rpm and 20% load, which 

failed in the previous test case, now passes the 

statistical test. The reason is that the misfire trace 

from the misfire on cylinder 2 and 5 series is more 

different to the combustion template compared to 

misfires from the single cylinder misfire dataset: 

The exhaust manifold pressure has not fully 

returned to normal between the misfire on 

cylinder 2 and on cylinder 5. At this operating 

point, this shifts the misfire PDF far enough away 

from the combustion PDF to fulfill the statistical 

demand (Figure 4.4). At other operating points, 

the consequence of adding the multiple misfire 

series is the opposite (Figure 4.5). 

 

Figure 4.4: 2000 rpm, 20% load: The misfire PDF is 

shifted away from the combustion PDF as the multiple 

misfire series is added.  

 

Figure 4.5: 800 rpm, 30% load: The misfire PDF is shifted 

towards the combustion PDF as the multiple misfire series 

is added. 

The number of misfires on cylinder 2 stemming 

from the single cylinder series is the same as 

misfires stemming from the misfire on cylinder 2 

and 5 series, these two series have equal weight in 

the statistical evaluation. In operation, we have no 

way of knowing the relative incidence of misfires, 

so the passing grade for this test case only applies 

in a scenario where single misfires on cylinder 2 

are equal in number as misfires on cylinder 2 

togethers with misfires on cylinder 5. 

4.1.3 Single cylinder misfire + 
misfires on cylinder 2 and 5, 1 
and 2 

The results are presented in Appendix B: Table 

12, with the failing operating points resolved per 

cylinder in Table 13. 

The method performs poorly when the “Misfire 

on cylinder 1 and 2” series is added, in particular 

for cylinder 2. Figure 4.6 provides some insight 

into what is happening. The crank angle window 
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for detecting misfires on cylinder 1 is between 

154-234 CAD. Here, the double misfire series is 

similar in shape to a single misfire on cylinder 1, 

and the detection performance for cylinder 1 is 

generally still good. 

Misfires on cylinder 2 are detected between 302-

382 CAD, with a normalizing point at 342 CAD. 

Note the similarity between the shape of the 

“Average of no misfires” pressure trace (blue) and 

the pressure trace from misfires on cylinder 1 and 

2 (red) in this window. Due to the phase shift 

discussed in section 3.2.3, when these two curves 

are normalized they are relatively similar in 

shape, as illustrated in Figure 4.7. Consequently, 

misfires and combustions on cylinder 2 cannot be 

reliably distinguished. Note that cylinder 2 is the 

only cylinder where test data exists for three 

distinct misfire cases: The reason the other 

cylinders perform better is due to the absence of a 

“misfire followed by a misfire on the preceding 

cylinder” test series. 

4.1.4 Modified Nybäck method 

When the misfire on cylinder 2 occurs, the misfire 

on cylinder 1 has already been detected. This 

means that it is possible to choose a different 

crank angle window and normalization point for 

the second misfire. It is also possible to choose a 

different template. If a misfire has occurred on 

cylinder 1, it is not meaningful to use data from 

the series without misfires as an input to the 

combustion template for cylinder 2. A suitable 

combustion template would instead be created 

from the series with misfires on cylinder 1, which 

includes combustions on cylinder 2 preceded by a 

misfire on cylinder 1. 

 

 

 

Figure 4.6: Exhaust manifold pressure from cycles with 

combustion on all cylinders, misfire on cylinder 1, and 

misfires on cylinder 1 and 2. 2390 rpm, 10% load. 

 

Figure 4.7: Exhaust manifold pressure in the crank angle 

window for detecting misfires on cylinder 2, normalized at 

342 CAD. The red and blue curves have a similar shape. 

Based on this, the detectability was evaluated 

when the combustion template for cylinder was 

created from the “Misfire on cylinder 1” series 

alone. The difference is illustrated in Figure 4.8 

and Figure 4.9, where Figure 4.8 shows the 

pressure traces on cylinder 2 when all data is used 

as input to the template. In Figure 4.9, the 

combustion template is created considering that it 

is know if the previous cylinder misfired or not. 

In this case: A combustion on cylinder 2 

following a misfire on cylinder 1. Also, the only 

possible misfire case is illustrated: a misfire on 

cylinder 2 following a misfire on cylinder 1. 
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Figure 4.8: Templates and pressure traces when all events 

on cylinder 2 from test data are considered. No 

consideration is given to past events. 2390 rpm, 10% load. 

 

Figure 4.9: Templates and pressure traces on cylinder 2 

when a misfire has occurred on cylinder 1. 2390 rpm, 10% 

load. 

In Figure 4.8, note how the different misfire and 

combustion types create their own clusters. This 

can also be seen in a histogram created from this 

data (Figure 4.10). The misfires are grouped into 

two distinct clusters: One from misfires following 

a combustion on cylinder 1, and one from misfires 

following a misfire on cylinder 1.   

It is clear from Figure 4.10 that the PDFs do not 

resemble the histograms very well. This means 

that the fitted PDFs are a poor representation of 

the actual distribution, and highlights a problem 

with the method used to quantify misfire 

detectability: The method only produces 

representative detectability values when 

combustion and misfire distributions can be 

correctly fitted to a Gamma distribution. This is 

not possible if the distributions have multiple 

peaks. 

 

Figure 4.10: Residuals for the data in Figure 4.8, 

evaluated against the combustion template. 

 

Figure 4.11: Residuals for the data in Figure 4.9, 

evaluated against the combustion template. 

The misfire detectability on cylinder 2, evaluated 

when the combustion template was created from 

the “Misfires on cylinder 1” series alone, is 

presented in Appendix B: Table 14 with the 

failing operation points resolved per cylinder in 

Table 15. The crank angle windows and 

normalization points were not changed. 

The performance of the method was considerably 

improved: The results for two subsequent misfires 

are now comparable to results from single 

cylinder misfires. The worst case detectability is 

now 0.977% at 2000 rpm and 10% load.  

4.2 The Sawtooth method 

The sawtooth method passes at all operating 

points in the single cylinder dataset, as well as at 

all operating points in the dataset containing 

single cylinder misfires and misfires on cylinders 

2 and 5. The results are presented in Appendix C: 

Table 16 and Table 17.  

When the series containing misfires on cylinder 1 

and 2 is added, the method fails on many 

operating points (Appendix C, Table 18). 

Cylinder 2 is the only failing cylinder, while other 
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cylinders still display good detectability. Figure 

4.12 shows the histogram of combustion and 

misfire events on cylinder 2.  

 

Figure 4.12: Histograms of angles for a misfire on 

cylinder 2 without considering past events. 2390 rpm, 30% 

load. 

The same measure is taken as for the Modified 

Nybäck method: the set of pressure traces is 

reduced to only include events on cylinder 2 

following a misfire on cylinder 1. The resulting 

histogram is found in Figure 4.13. 

 

Figure 4.13: Histograms of angles for a misfire on 

cylinder 2 when considering past events. 2390 rpm, 30% 

load. 

From this, it can be concluded that the initial 

failing grade was a consequence of fitting the 

PDFs to distributions with two distinct peaks. If 

the method in section 3.2.2 is used to set the 

threshold value separating combustion from 

misfire, the threshold would be about 180.03 

degrees, and thus biased towards erroneously 

categorizing misfires as combustions.  

4.3 The Slope method 

Like the sawtooth method, the slope method 

passes at all operating points in the single cylinder 

dataset, as well as at all operating points in the 

dataset containing single cylinder misfires and 

misfires on cylinders 2 and 5. The results are 

presented in Appendix D: Table 21 and Table 22.  

Again, when the series containing misfires on 

cylinder 1 and 2 is added, the methods fails. The 

misfire distribution from this series is located 

among the combustion distributions from the 

single cylinder misfire series (Figure 4.14). The 

results are presented in Appendix D: Table 23 and 

Table 24. 

 

Figure 4.14: Histograms of slopes for a misfire on cylinder 

2 without considering past events. 2390 rpm, 10% load. 

When the set of pressure traces is reduced to only 

include events on cylinder 2 following a misfire 

on cylinder 1, the method passes (Figure 4.15). 

Now, a misfire on cylinder 2 preceded by a 

misfire on cylinder 1 is evaluated against a 

combustion on cylinder 2 preceded by a misfire 

on cylinder 1. The results are presented in 

Appendix D: Table 25. 

 

Figure 4.15: Histograms of slopes for a misfire on cylinder 

2 when considering past events. 2390 rpm, 10% load. 

4.4 Fourier analysis on a 
complete engine cycle 

4.4.1 Single cylinder misfires 

The Discrete Fourier Transform is applied to the 

EMP over complete engine cycles. Filtered 

pressure data is used (see section 3.1.1), with a 

sampling rate of □ samples per crankshaft 

revolution. The result in DFT magnitude is 

comparable to (Ceccarini, et al., 1998), 

(Willimowski & Isermann, 2000) and (Nybäck, 

2018), where it was found that misfires shift 

frequency content from the firing frequency to 

lower orders. Figure 4.16 illustrates a typical case. 

The frequency bins are presented as Engine 

Harmonic (EH) orders, where order 1 corresponds 

to half the engine speed and order 2 the engine 

speed. As the test engine has five cylinders, 

harmonic order 5 corresponds to the firing 

frequency. 
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Figure 4.16: Magnitude of the DFT, created from 500 

combustion cycles and 500 single cylinder misfires cycles. 

The figure is truncated at harmonic order 10. 

The case illustrated in Figure 4.16 is typical for 

single cylinder misfires at all operating points. 

Looking at the magnitude histograms of EH2 

(Figure 4.17), it is clear that it is possible to define 

a magnitude threshold that can reliably 

distinguish combustions from misfires: The 

overlap between PDFs created from the 

histograms is negligible. Using the method 

described in section 3.2.2, it is verified that this is 

true for all operating points, the worst case being 

misfires on cylinder 3 at 1600 rpm and 0% load 

(Figure 4.18). The detectability is then 1.6×10-5 % 

combustions erroneously categorized as misfires, 

and 2.4×10-6 % misfires erroneously categorized 

as combustions. 

 

Figure 4.17: At 1200 rpm and 30% load, cycles with 

combustions can easily be distinguished from cycles with 

single cylinder misfires. 

 

 

Figure 4.18: The most difficult case to distinguish 

combustions from misfires is misfires on cylinder 3 at 1600 

rpm and 0% load. 

When a misfire cycle has been detected by 

comparing the magnitude of EH2 to a threshold 

value, the misfiring cylinder must be identified. 

The phase information in EH2 for misfire cycles 

is plotted in Figure 4.19. The phase angle of EH2 

is significantly different depending of which 

cylinder is misfiring. PDFs of the phase angle for 

all misfiring cylinders are calculated. It is 

determined that the overlap is negligible. The 

phase angle can thus reliably be used as cylinder 

identification, the worst case being 1600 rpm and 

0% load (Figure 4.20). 

 

Figure 4.19: Histograms of the phase of engine harmonic 

2. Created from all single cylinder misfire cycles. 1200 

rpm, 30% load. 
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Figure 4.20: Histograms of the phase of Engine Harmonic 

2. Created from all single cylinder misfire cycles at 1600 

rpm and 0% load. The distributions are wider than at 1200 

rpm 30% load, but the overlaps are still negligible. 

4.4.2 Multiple cylinder misfires 

Like single cylinder misfires, cycles with multiple 

misfiring cylinders also create distinct clusters of 

EH2 magnitude and phase. Looking at the 

difference in EH2 magnitude between 

combustion and misfiring cycles (Figure 4.21), it 

is found that cycles with misfire on cylinder 1 and 

2 have an EH2 magnitude close to the EH2 

combustion magnitude.  

 

Figure 4.21: The EH2 magnitude of cycles with misfires on 

cylinder 1 and 2 is close to the EH2 magnitude for cycles 

without misfires. 

A statistical analysis is performed to find the 

possibility to define a threshold value to 

distinguish combustion cycles from cycles with 

misfire on cylinder 1 and 2. It is found that the 

worst case is at 2200 rpm and 0% load, where 

0.05% of combustions are erroneously 

categorized as misfires, and 0.007% of misfires 

are erroneously categorized as combustions. 

Thus, distinguishing combustions from misfires is 

possible in the multiple misfire case. The EH2 

phase of cycles with single cylinder misfires are 

evenly distributed: Each misfiring cylinder 

occupies a distinct circle sector. As illustrated in 

Figure 4.22, the cycles with multiple misfires also 

create their own clusters.   

 

Figure 4.22: EH2 phase at 2390 rpm and 0% load. 

Although it appears as the phase angle of a 

multiple misfire dataset is the average phase of the 

respective single cylinder misfires, this is not true 

for all operating points. In Figure 4.23, the EH2 

phase histograms at 2200 rpm and 0% load are 

plotted. The EH2 phase for cycles with misfires 

on cylinder 1 and 2 is similar to that for cycles 

with misfire on cylinders 2 and 5. Therefore, the 

EH2 phase alone cannot be used for cylinder 

identification when multiple cylinders are 

misfiring. 
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Figure 4.23: EH2 phase at 2200 rpm and 0% load. The 

phase of the two multiple misfire series is similar. 

A better understanding of the relative position and 

behavior of the EH2 clusters is obtained by 

plotting their results in the two-dimensional 

complex plane. In Figure 4.24, it is illustrated how 

the EH2 results rotate counterclockwise as engine 

speed increases. 

 

Figure 4.24: EH2 results for misfiring cylinders at 

constant load and varying engine speed. 

In Figure 4.25, the EH2 results are plotted at 

varying load. At low loads the magnitude remains 

almost constant, while it increases at higher loads.  

 

Figure 4.25: EH2 results for misfiring cylinders at 

constant engine speed and varying load. 

Plotting the EH2 results for the 2200 rpm and 0% 

load operating point in the complex plane (Figure 

4.26), it is shown how the different misfire cases 

form distinct clusters. If both the magnitude and 

phase information of EH2 is analyzed, both 

reliable misfire detection and cylinder 

identification is possible. This is true for all tested 

operating points. 

 

 

Figure 4.26: EH2 results for combustions and misfires, 

plotted in the complex plane. The colored areas 

correspond to potential calibration thresholds. 
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4.5 Band pass filtered time 
series 

During the investigation of this method, the raw 

pressure signal was used. The spectrograms 

below are created from a combustion cycle and a 

cycle with misfire on cylinder 1 at 800 rpm and 

50% load. The spectrograms are clearly different 

– while the combustion cycle shows frequency 

content above 2 kHz at each of the five EMP 

peaks (Figure 4.27), the misfire spectrogram lacks 

the high frequency content at the peak at 110 ms 

corresponding  to cylinder 1 (Figure 4.28). 

 

Figure 4.27: Spectrogram of a combustion cycle at 800 

rpm and 50% load. 

 

Figure 4.28: Spectrogram of a misfire cycle at 800 rpm 

and 50% load 

Most of the missing power in the misfire cycle is 

between 2-4 kHz. A band pass filter with suitable 

parameters is applied to the time series. The result 

is plotted in Figure 4.29.  

 

 

Figure 4.29: Band passed filtered EMP. The cyan and 

magenta lines are plots of all 500 band pass filtered 

cycles, while the red and blue lines are from a single 

combustion and a single misfire cycle. 

The results are promising: The amplitude of the 

band pass filtered cycles are clearly different 

where the misfire occurs. The result can be 

quantified by integrating the absolute value of the 

filtered signal and plotting a histogram of the 

integral of all 500 cycles. (Figure 4.30). The 

integration limits are here chosen to be 105 to 135 

ms. The histogram hints that the separation of the 

combustion and misfire distributions is large 

enough to detect misfires. 

 

Figure 4.30: Top: Absolute values of the band passed 

EMP signal between 105-135 ms. Bottom: Histogram of 

the integrals. 

Another operating point is analyzed: misfire on 

cylinder 3 at 1600 rpm and 10% load. The misfire 
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is noted as a dip in EMP between 35 and 45 ms 

(Figure 4.31). 

 

 

Figure 4.31: Exhaust manifold pressure for a cycle with 

combustions and a cycle with misfire on cylinder 3. 1600 

rpm, 10% load. 

The spectrograms are plotted in Figure 4.32 and 

Figure 4.33. At this load point, the difference in 

frequency content between a misfiring cycle and 

a combustion cycle is small. The balance between 

time and frequency resolution was adjusted with 

little difference in the spectrograms.  

 

Figure 4.32: Spectrogram of a combustion cycle at 1600 

rpm and 10% load. 

 

Figure 4.33: Spectrogram of a misfire cycle at 1600 rpm 

and 10% load. 

As it is not obvious which frequencies to filter out, 

pass band values and time windows were iterated 

to find a suitable filter. No values were found that 

could reliably distinguish combustions from 

misfires. Figure 4.34 illustrates a typical case.  

 

Figure 4.34: Top: Absolute values of the band pass filtered 

exhaust pressure signal. Bottom: Histogram of the 

integrals. Passband: 7-11 kHz, 1600 rpm, 10% load. 
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4.6 Knock sensor 

The results from the knock sensor based misfire 

detection are presented in Table 4, along with the 

suitable knock sensor and passband. Suitable 

knock sensors to use for knock detection is also 

presented. The misfire detection performs well for 

cylinders 2-4 (Figure 4.35). Cylinder 5 is 

somewhat worse, and detection performance on 

cylinder 1 is clearly poor (Figure 4.36). 

The knock sensor suitable for knock detection is 

not necessarily the same as the one suitable for 

misfire detection. While the knock sensor closest 

to the cylinder of interest appears to be most 

suitable for knock detection (see Figure 3.2), the 

sensor best suited for misfire detection seems to 

be more random. 

 

 

Figure 4.35: Histograms of the integral of the absolute 

values of bandpass filtered knock sensor signals. 

 

 

Figure 4.36: Histograms of the integral of the absolute 

values of bandpass filtered knock sensor signals. 

  

Table 4: Misfire detection performance with the knock sensor method. 

      
Cylinder 

Suitable knock 
sensor for 

knock 
detection 

Suitable knock 
sensor for 

misfire 
detection 

Passband suitable for 
misfire detection[kHz] 

Misfires 
categorized as 

combustions [%] 

Combustions 
categorized as 
misfires [%] 

1 A B 9.6-14.2 23.3 10.8 

2 A A 12-25 0.11 0.09 

3 B A 18-25 0.22 0.18 

4 B C 8.5-25 0.13 0.18 

5 C B 8.5-25 2.41 2.04 
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5 CONCLUSIONS AND 
FUTURE WORK 

5.1 Exhaust pressure based 
methods 

The following are general considerations that 

apply to the exhaust pressure based methods. 

The test data only feature loads up to 50%. Higher 

engine loads cause higher inlet manifold pressure 

as the pressure loss from throttling is lower and 

boost pressure is higher. The relationship between 

inlet manifold and exhaust manifold pressure 

affects the blowdown/backflow effects when the 

exhaust valve opens. This in turn affects the 

exhaust manifold pressure. As it has not been 

possible to investigate how this will affect misfire 

detectability, it is recommended that engine tests 

are performed across the full speed/load range. 

In the experimental data, misfires were simulated 

by turning off fuel injection. However, misfires 

may be caused by many other failure modes than 

fuel injection failure. If a misfire is caused by 

ignition failure for example, unburned fuel may 

(depending on the cylinder/exhaust manifold 

pressure levels) be evacuated to the exhaust 

manifold. It is possible that the fuel will then 

combust, causing pressure levels in the exhaust 

manifold to increase. Although (Ceccarini, et al., 

1998) found no difference in exhaust manifold 

pressure between misfire caused by injection and 

ignition failure, it is recommended that engine 

tests are also performed using inhibited ignition 

as a way to induce misfires. 

5.1.1 The Nybäck method 
evaluated on a spark-ignited 
engine 

The Nybäck method generally works well on the 

5-cylinder gas engine when considering engine 

cycles with single cylinder misfires. For cycles 

with consecutive multiple misfires, a 

modification is required: Multiple templates need 

to be created during calibration, and the suitable 

template to use must be dynamically chosen by 

the ECU based on past events.  

For example, if no previous misfires are detected, 

the ECU should compare the exhaust manifold 

pressure to a combustion template based on cycles 

containing only combustions. If the ECU then 

detects a misfire on cylinder 1, the combustion 

template used for cylinder 2 (the next cylinder in 

the firing order) must be constructed from a cycle 

with a combustion on cylinder 2 following a 

misfire on cylinder 1. 

As the number of templates increase, the storage 

space required in the ECU increases, as well as 

the calibration effort. The number of extra 

templates introduced must be carefully 

considered.  

The number of data points used in the crank angle 

windows affects the computational speed of the 

method. It should be investigated how reducing 

the amount of sampling points used influences the 

results. 

It is clear that a separate template for combustion 

following a misfire is required. This doubles the 

amount of templates. The second combustion 

following a misfire – for example a combustion 

on cylinder 5 following a combustion on cylinder 

4 and a misfire on cylinder 2 – does not appear to 

qualify for a dedicated template. The exhaust 

manifold pressure has then almost returned to 

normal.  

An additional benefit of using dynamic templates 

is that the statistical evaluation is improved. 

Consider the hypothetical scenario where 

templates are created from all possible past 

events. Then, the fit of the probability density 

function to the distributions of combustion and 

misfires will be very good (compare Figure 4.11 

to Figure 4.10). This applies not only to the 

evaluation, but also to the creation of templates. 

Representative statistics is important when the 

threshold value between misfire and combustion 

is set. For example, the ratio of false positives to 

false negatives can be reliably decided. For this 

reason, it is recommended that the statistics are 

evaluated with separate distributions for each 

series as illustrated in Figure 3.28. 

5.1.2 The Sawtooth method 

The misfire detectability for this method is about 

the same as the Nybäck method. The Sawtooth 
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method also requires that past events are 

considered when defining the threshold value 

between combustion and misfire. 

In general this method uses less computations 

than the Nybäck methods, and therefore has the 

potential to be faster when implemented on the 

ECU. 

The method was evaluated by calculating the 

angle with trigonometric functions. These 

typically require more processor operations than 

addition and multiplication. It should be 

investigated if the angles can be expressed by a 

value which is less computationally intensive to 

calculate. 

5.1.3 The Slope method 

The slope method outperforms the Nybäck and 

Sawtooth methods in detectability. The method is 

intuitive and straightforward to calibrate. It 

appears to be a strong candidate if an exhaust 

pressure based method is chosen. 

As only the worst case misfire and combustion 

distribution is evaluated, the test cases used for 

evaluation can be chosen with less consideration 

compared to the Nybäck method. 

The number of sampling points used for each 

calculation was arbitrarily chosen. Nothing in the 

test data suggests that more than two sampling 

points (start point and end point) is necessary. 

Going forward, further testing including road 

testing must be carried out to quantify any 

variability in exhaust manifold pressure among 

different engines. 

5.1.4 Fourier analysis on a 
complete engine cycle 

This method displays excellent detectability for 

all the tested operating points and misfire cases. 

However, only two types of multiple misfire cases 

were tested: misfires on cylinder 1 and 2, and 

misfires on cylinders 2 and 5. It is not intuitively 

clear where in the complex plane the results of 

multiple cylinder misfire cycles are located. The 

full set of possible cycles with two misfiring 

cylinders must be tested. 

A special case is cycles with a single cylinder 

misfire on cylinder 1, preceded by a cycle with a 

misfire on cylinder 3, where effects from the 

misfire on cylinder 3 are carried over to the next 

cycle. This case must be included in further 

testing.  

The fact that the method operates on complete 

engine cycles requires some considerations. For 

example, if fuel supply is shut off in the middle of 

a cycle, (for example during gear shifting) the 

method needs to be able to detect misfires on the 

operational cylinders in that cycle. If more than 

one cylinder is misfiring, no cylinder 

identification is required by CARB. However, the 

cycle with multiple misfiring cylinders must still 

be identified as a misfiring cycle. The EH2 results 

of cycles with more than two misfires should be 

investigated.  

A way to solve the issue with non-complete cycles 

is to perform the DTF after each combustion 

instead of after each complete cycle. This would 

increase processor load. However, the method 

does not necessarily require that a full engine 

cycle is analyzed. It may be investigated how the 

method performs when applying it to a shorter 

time series, consisting of perhaps two or three 

combustions. 

The Fourier Transform assumes that the time 

domain signal is periodic. When the engine is 

running at a steady state in the test cell, the EMP 

signal for one engine cycle is essentially periodic 

with itself. It should be investigated if this is still 

true during transients.  A windowing function 

could then be applied to the pressure data before 

the transform to create a periodic signal. 

The method was evaluated with a sampling rate of 

1 CAD/sample. As the frequency of interest is the 

crankshaft rotational frequency, lowering the 

sampling rate is not expected to significantly 

affect the results. 
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5.1.5 Band pass filtered time series 

This method works well at low speeds and high 

loads. At high engine speeds and low loads, the 

performance is poor. 

The frequencies of interest are above 2 kHz. This 

method may therefore require a pressure sensor 

with higher bandwidth than the production sensor. 

Also, the sampling rate must likely be faster than 

the □ samples/CAD intended for the production 

sensor. 

As this misfire detection method does not appear 

very promising , no further attempts to explain the 

frequency content in the exhaust manifold 

pressure is made. 

5.2 Knock sensor based 
method 

It is shown that it is possible to distinguish a 

motored and a combusting engine using knock 

sensor data in the time interval where combustion 

occurs. The detectability varies significantly 

across cylinders, where detectability on cylinder 

1 is far worse than on other cylinders. A more 

suitable knock sensor position for combustion 

detection on this cylinder should be investigated.  

The knock sensor signal during combustion is 

affected by closing intake valves on another 

cylinder. The exhaust valves close between 

combustions. It is shown that the knock sensor 

signal during exhaust valve closing does not differ 

significantly between a motored engine and an 

engine at low load. This provides some 

confidence that the inlet valve closing does not 

contribute to the difference in knock sensor 

frequency content between a motored engine and 

combustion. 

Combustion is detected by band pass filtering the 

signal in the frequency range 8.5-25 kHz. This is 

above the frequency range most suitable for 

knock detection. The knock sensor data from the 

combustion engine contains little energy in the 

range indicative of knock. It is therefore believed 

that the method does indeed detect combustion 

and not knock. Frequencies below 5 kHz do not 

appear suitable for combustion detection. 

The test data used for the knock sensor analysis 

did not contain any induced misfires. Rather, data 

from a motored engine was compared to data from 

a combusting engine. Many parameters differ 

between these operating modes. Going forward, 

testing should be carried out in the same manner 

as for the exhaust pressure data, where occasional 

misfires are induced on a running engine. This is 

especially true since no physical background as to 

why knock sensor frequencies in the 10-25 kHz 

range can be attributed to combustion has been 

found in the literature study. 
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7 APPENDIX A 

Operating points used for the exhaust pressure measurements. 

Table 5: operating points for the single cylinder misfire test series. 

Speed [rpm] 600 700 800 1000 1200 1400 1600 1800 2000 2200 2390 

Load [%] 0 0 0 0 0 0 0 0 0 0 0 

Load [%] 5 5 5 5 5 5 5 5 5 5 5 

Load [%] 10 10 10 10 10 10 10 10 10 10 10 

Load [%] 20 20 20 20 20 20 20 20 20 20 20 

Load [%] 30 30 30 30 30 30 30 30 30 30 30 

Load [%] 50 50 50 50 50 50 50 50 50 50 50 

 

Table 6: operating points for the misfire on cylinder 1 and 2 test series. 

Speed [rpm] 600 800 1000 1300 1500 1700 2000 2200 2390 

Load [%] 0 0 0 0 0 0 0 0 0 

Load [%] 5 5 5 5 5 5 5 5 5 

Load [%] 10 10 10 10 10 10 10 10 10 

Load [%] 20 20 20 20 20 20 20 20 20 

Load [%] 30 30 30 30 30 30 30 30 30 

 

Table 7: operating points for the misfire on cylinder 2 and 5 test series. 

Speed [rpm] 600 800 1000 1300 1500 1700 2000 2200 2390 

Load [%] 0 0 0 0 0 0 0 0 0 

Load [%] 5 5 5 5 5 5 5 5 5 

Load [%] 10 10 10 10 10 10 10 10 10 

Load [%] 20 20 20 20 20 20 20 20 20 

Load [%] 30 30 30 30 30 30 30 30 30 

Load [%] 50 50 - - - - - - - 
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8 APPENDIX B 

Results from the Nybäck method. 

Table 8: Nybäck method: Percentage of erroneously categorized combustions and single 

cylinder misfires, presented as the average of all five cylinders. 

 

Table 9: Nybäck method: erroneously categorized combustions and single cylinder misfires for 

the failing operating points in Table 8. 

 Cyl 1 Cyl 2 Cyl 3 Cyl 4 Cyl 5 

 A [%] B [%] A [%] B [%] A [%] B [%] A [%] B [%] A [%] B [%] 

2000 rpm, 20% load 0.001 0.004 0.386 0.572 0.000 0.001 0.000 0.001 0.000 0.000 

2390 rpm, 10% load 0.028 0.139 0.012 0.122 0.007 0.080 0.010 0.103 0.149 0.344 

 

  

Speed [rpm] 600 700 800 1000 1200 1400 1600 1800 2000 2200 2390 

0% load 2,7E-13 1.7E-08 5.3E-09 1.2E-18 2.1E-10 2.3E-09 4.9E-10 0.001 0.018 0.064 0.110 

5% load - 6.4E-08 1.7E-06 3.9E-18 5.2E-07 1.7E-12 7.7E-15 0.001 0.076 0.114 0.129 

10% load 2.5E-05 2.4E-06 2.7E-04 3.9E-19 2.4E-09 1.4E-07 3.0E-08 0.010 0.105 0.089 0.199 

20% load 6.0E-11 9.4E-13 4.4E-18 2.3E-18 8.1E-16 3.8E-09 3.1E-07 2.8E-04 0.193 0.034 0.035 

30% load 3.1E-37 2.5E-31 6.5E-33 1.7E-20 2.4E-16 4.2E-06 2.1E-07 1.9E-05 0.002 0.017 0.032 

50% load 2.6E-78 3.4E-85 1.8E-42 5.2E-39 2.9E-20 8.7E-10 3.8E-05 0.002 0.004 0.017 0.009 
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Table 10: Nybäck method: Percentage of erroneously categorized combustions, single cylinder 

misfires and misfires on cylinder 2 and 5. Presented as the average of all five cylinders. 

Table 11: Nybäck method: erroneously categorized combustions, single cylinder misfires and 

misfires on cylinder 2 and 5 for the failing operating points in Table 10.  

  

Speed [rpm] 600 800 1000 2000 2200 2390 

0% load 3.57E-12 2.83E-07 9.16E-07 0.0699 0.1494 0.1325 

5% load - 4.04E-04 1.77E-07 0.0606 0.232 0.2 

10% load 0.0016 8.49E-05 2.34E-06 0.0495 0.1069 0.3264 

20% load 3.27E-09 2.59E-19 3.07E-10 0.0674 0.0651 0.0172 

30% load 2.65E-17 1.23E-26 7.07E-17 0.001 0.0618 0.0043 

 Cyl 1 Cyl 2 Cyl 3 Cyl 4 Cyl 5 

 A [%] B [%] A [%] B [%] A [%] B [%] A [%] B [%] A [%] B [%] 

2200 rpm, 0% load 0.002 0.004 0.227 0.428 0.000 0.001 0.000 0.002 0.033 0.051 

2200 rpm, 5% load 0.002 0.006 0.271 0.581 0.000 0.000 0.001 0.003 0.121 0.175 

2390 rpm, 5% load 0.025 0.089 0.101 0.515 0.002 0.021 0.001 0.004 0.087 0.157 

2390 rpm, 10% load 0.100 0.443 0.045 0.316 0.001 0.010 0.000 0.003 0.266 0.448 
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Table 12: Nybäck method: Percentage of erroneously categorized combustions using all 

available series. Presented as the average of all five cylinders. 

Speed [rpm] 600 800 1000 2000 2200 2390 

0% load 1.68E-06 0.033 7.26E-05 0.985 2.401 5.760 

5% load - 0.206 4.51E-04 1.563 3.299 6.507 

10% load 0.003 0.832 4.42E-04 0.929 3.758 8.048 

20% load 1.45E-09 0.002 2.76E-08 2.379 2.233 2.802 

30% load 2.56E-15 2.18E-05 5.70E-13 2.647 3.184 2.933 

Table 13: Nybäck method: erroneously categorized combustions and misfires, using all 

available series for the failing operating points in Table 12.  

 Cyl 1 Cyl 2 Cyl 3 Cyl 4 Cyl 5 

 A [%] B [%] A [%] B [%] A [%] B [%] A [%] B [%] A [%] B [%] 

800 rpm, 5% load 0.00 0.00 0.58 0.45 0.00 0.00 0.00 0.00 0.00 0.00 

800 rpm, 10% load 0.00 0.00 2.05 2.11 0.00 0.00 0.00 0.00 0.00 0.00 

2000 rpm, 0% load 0.00 0.01 1.89 1.29 0.12 0.64 0.00 0.00 0.34 0.62 

2000 rpm, 5% load 0.01 0.01 11.57 11.48 0.01 0.04 0.00 0.00 1.35 2.21 

2000 rpm, 10% load 0.00 0.00 1.80 1.46 0.00 0.02 0.00 0.00 0.57 0.79 

2000 rpm, 20% load 0.00 0.01 7.16 4.72 0.00 0.00 0.00 0.00 0.00 0.01 

2000 rpm, 30% load 0.00 0.00 8.21 5.02 0.00 0.00 0.00 0.00 0.00 0.00 

2200 rpm, 0% load 0.00 0.00 6.06 5.23 0.00 0.00 0.00 0.00 0.26 0.44 

2200 rpm, 5% load 0.01 0.01 8.41 7.15 0.00 0.00 0.00 0.00 0.36 0.56 

2200 rpm, 10% load 0.01 0.03 10.11 8.08 0.00 0.00 0.00 0.01 0.19 0.36 

2200 rpm, 20% load 0.00 0.00 6.10 5.02 0.00 0.00 0.00 0.00 0.02 0.04 

2200 rpm, 30% load 0.00 0.00 8.88 7.03 0.00 0.00 0.00 0.00 0.00 0.00 

2390 rpm, 0% load 0.05 0.12 16.10 10.07 0.01 0.13 0.02 0.16 0.59 1.56 

2390 rpm, 5% load 0.07 0.14 16.86 12.79 0.01 0.16 0.01 0.05 0.71 1.74 

2390 rpm, 10% load 0.22 0.57 24.02 13.65 0.01 0.06 0.01 0.07 0.58 1.07 

2390 rpm, 20% load 0.00 0.01 7.53 6.39 0.00 0.01 0.00 0.00 0.02 0.06 

2390 rpm, 30% load 0.00 0.00 8.43 6.20 0.00 0.03 0.00 0.00 0.00 0.00 
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Table 14: Modified Nybäck method: Percentage of erroneously categorized combustions using a 

reduced combustion template for a misfire on cylinder 2 following a misfire on cylinder 1. As this 

test case only exists for cylinder 2, only data for cylinder 2 is presented. 

Speed 

[rpm] 
600 800 1000 2000 2200 2390 

0% load 1.64E-48 1.51E-60 4.01E-56 0.45 3.14E-22 1.79E-07 

5% load - 1.94E-60 2.92E-100 0.40 1.67E-13 1.51E-11 

10% load 2.76E-33 7.51E-71 9.89E-137 1.86 1.59E-16 2.30E-08 

20% load 4.34E-91 6.36E-175 3.97E-174 0.54 2.03E-25 1.17E-12 

30% load 6.46E-211 9.88E-322 1.05E-241 4.39E-09 3.88E-08 3.90E-09 

Table 15: Modified Nybäck method: 

 Cyl 2 

 A [%] B [%] 

2000 rpm, 0% load 0.208 0.237 

2000 rpm, 5% load 0.069 0.334 

2000 rpm, 10% load 0.977 0.879 

2000 rpm, 20% load 0.160 0.379 
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9 APPENDIX C 

Results from the sawtooth method. 

Table 16: Sawtooth method: Percentage of erroneously categorized combustions and single 

cylinder misfires, presented as the average of all five cylinders. 

 

Table 17: Sawtooth method: Percentage of erroneously categorized combustions, single cylinder 

misfires and misfires on cylinder 2 and 5. Presented as the average of all five cylinders. 

Speed [rpm] 600 800 1000 2000 2200 2390 

0% load 0.002 6.26E-04 1.41E-07 0.0046 1.16E-04 0.0054 

5% load - 1.27E-04 1.49E-19 0.0183 1.08E-04 0.0042 

10% load 1.53E-05 1.22E-05 1.10E-17 7.79E-05 8.87E-05 0.0040 

20% load 8.55E-05 6.39E-06 3.79E-19 4.74E-07 6.98E-06 1.19E-05 

30% load 7.33E-04 1.61E-07 9.84E-28 9.34E-11 3.89E-07 5.91E-06 

 

  

Speed [rpm] 600 700 800 1000 1200 1400 1600 1800 2000 2200 2390 

0% load 2.0E-04 2.8E-04 3.6E-05 2.7E-13 1.9E-13 1.3E-13 1.1E-26 6.2E-11 2.2E-05 2.2E-06 4.6E-04 

5% load - 4.5E-04 1.0E-05 1.8E-27 3.6E-15 1.9E-13 3.6E-19 1.5E-10 0.0043 1.4E-05 7.8E-04 

10% load 3.1E-06 5.9E-04 7.3E-07 7.6E-31 6.3E-17 9.5E-25 1.2E-16 1.6E-11 2.3E-05 1.3E-05 9.6E-04 

20% load 1.7E-04 6.5E-05 6.1E-06 1.3E-34 1.2E-17 1.4E-20 2.2E-31 1.2E-17 7.8E-08 5.6E-08 8.8E-06 

30% load 2.5E-07 8.9E-09 4.0E-11 9.4E-39 2.1E-22 2.4E-20 8.5E-37 1.3E-16 2.2E-11 1.0E-08 1.7E-06 

50% load 4.9E-12 3.1E-07 3.4E-13 6.6E-15 8.2E-09 3.1E-14 1.8E-25 9.6E-19 6.2E-10 5.3E-09 3.9E-08 
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Table 18: Sawtooth method: Percentage of erroneously categorized combustions using all 

available series. Presented as the average of all five cylinders. 

Speed [rpm] 600 800 1000 2000 2200 2390 

0% load 0.161 0.320 1.89E-07 0.165 0.002 0.108 

5% load - 0.211 2.43E-15 0.188 0.116 0.110 

10% load 0.183 0.234 4.80E-16 0.159 0.210 0.156 

20% load 0.039 0.107 5.53E-22 0.047 0.176 0.273 

30% load 1.10E-03 0.021 2.62E-25 0.004 0.209 0.375 

 

Table 19: Sawtooth method: erroneously categorized combustions and misfires, using all 

available series for the failing operating points in Table 18. 

 Cyl 1 Cyl 2 Cyl 3 Cyl 4 Cyl 5 

 A [%] B [%] A [%] B [%] A [%] B [%] A [%] B [%] A [%] B [%] 

600 rpm, 0% load 0.005 0.010 0.363 0.421 0.000 0.000 0.000 0.000 0.001 0.003 

600 rpm, 10% load 0.000 0.000 0.558 0.358 0.000 0.000 0.000 0.000 0.000 0.000 

800 rpm, 0% load 0.000 0.001 0.869 0.728 0.000 0.000 0.000 0.000 0.001 0.002 

800 rpm, 5% load 0.000 0.000 0.585 0.471 0.000 0.000 0.000 0.000 0.000 0.000 

800 rpm, 10% load 0.000 0.000 0.659 0.509 0.000 0.000 0.000 0.000 0.000 0.000 

800 rpm, 20% load 0.000 0.000 0.299 0.237 0.000 0.000 0.000 0.000 0.000 0.000 

2000 rpm, 0% load 0.003 0.030 0.539 0.254 0.000 0.000 0.000 0.000 0.000 0.000 

2000 rpm, 5% load 0.013 0.080 0.510 0.337 0.000 0.000 0.000 0.000 0.000 0.000 

2000 rpm, 10% load 0.000 0.000 0.491 0.305 0.000 0.000 0.000 0.000 0.000 0.000 

2200 rpm, 5% load 0.000 0.000 0.328 0.249 0.000 0.000 0.000 0.000 0.000 0.000 

2200 rpm, 10% load 0.000 0.000 0.604 0.448 0.000 0.000 0.000 0.000 0.000 0.000 

2200 rpm, 20% load 0.000 0.000 0.572 0.309 0.000 0.000 0.000 0.000 0.000 0.000 

2200 rpm, 30% load 0.000 0.000 0.709 0.338 0.000 0.000 0.000 0.000 0.000 0.000 

2390 rpm, 0% load 0.002 0.019 0.274 0.243 0.000 0.000 0.000 0.000 0.000 0.000 

2390 rpm, 5% load 0.002 0.017 0.286 0.245 0.000 0.000 0.000 0.000 0.000 0.000 

2390 rpm, 10% load 0.003 0.016 0.426 0.336 0.000 0.000 0.000 0.001 0.000 0.000 

2390 rpm, 20% load 0.000 0.000 0.836 0.526 0.000 0.000 0.000 0.000 0.000 0.000 

2390 rpm, 30% load 0.000 0.000 1.176 0.700 0.000 0.000 0.000 0.000 0.000 0.000 

 

Table 20: Sawtooth method: Percentage of erroneously categorized combustions using a 

reduced combustion threshold value for a misfire on cylinder 2 following a misfire on cylinder 1. 

As this test case only exists for cylinder 2, only data for cylinder 2 is presented. 

Speed [rpm] 600 800 1000 2000 2200 2390 

0% load 2.57E-123 1.33E-79 1.60E-112 3.71E-14 1.91E-49 7.52E-25 

5% load - 2.47E-88 1.08E-111 3.06E-14 4.78E-22 9.58E-24 

10% load 2.06E-204 1.44E-107 4.88E-232 2.42E-24 4.72E-25 3.08E-22 

20% load 6.88E-206 1.22E-228 9.75E-290 4.16E-23 7.65E-31 1.32E-20 

30% load  < 1E-324 < 1E-324 1.02E-318 5.46E-26 3.49E-15 9.53E-12 
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10   APPENDIX D 

Results from the slope method. 

Table 21: Slope method: Percentage of erroneously categorized combustions and single cylinder 

misfires, presented as the average of all five cylinders. 

 

Table 22: Slope method: Percentage of erroneously categorized combustions, single cylinder 

misfires and misfires on cylinder 2 and 5. Presented as the average of all five cylinders. 

Speed [rpm] 600 800 1000 2000 2200 2390 

0% load 2.9E-29 4.7E-41 5.8E-51 1.1E-11 1.4E-17 5.8E-11 

5% load - 2.0E-35 2.0E-28 1.7E-18 4.7E-23 1.4E-11 

10% load 1.9E-13 4.3E-39 6.0E-67 1.5E-20 5.2E-08 1.1E-08 

20% load 1.1E-71 2.0E-212 5.3E-285 2.2E-53 7.3E-90 1.3E-28 

30% load 6.4E-155 2.7E-196 2.4E-207 8.7E-107 2.7E-125 5.9E-18 

 

  

Speed [rpm] 600 700 800 1000 1200 1400 1600 1800 2000 2200 2390 

0% load 2.9E-29 1.7E-35 9.4E-47 1.9E-61 1.1E-30 1.4E-48 3.3E-63 5.4E-38 1.1E-11 1.4E-17 5.9E-12 

5% load - 4.3E-34 7.1E-38 4.7E-42 2.0E-30 1.6E-91 7.3E-104 2.0E-44 2.2E-18 9.3E-32 1.4E-11 

10% load 3.5E-16 8.1E-28 3.0E-52 6.3E-98 7.3E-90 3.2E-142 7.4E-204 4.7E-34 1.5E-20 5.2E-08 1.1E-08 

20% load 1.1E-71 3.5E-212 2.0E-212 1.0E-307 1.3E-224 9.6E-117 2.2E-186 6.6E-194 2.2E-53 7.3E-90 1.3E-28 

30% load 3.5E-151 2.4E-268 1.0E-232 2.4E-207 5.2E-237 8.2E-62 8.4E-169 2.4E-218 8.7E-107 2.7E-125 5.9E-18 

50% load 8.1E-167 1.9E-88 <1E-324 6.5E-293 5.4E-246 1.9E-224 2.0E-93 5.1E-147 5.6E-136 6.5E-83 4.4E-33 
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Table 23: Slope method: Percentage of erroneously categorized combustions using all available 

series. Presented as the average of all five cylinders. 

Speed [rpm] 600 800 1000 2000 2200 2390 

0% load 1.09E-17 3.16E-22 5.56E-50 6.49E-03 4.73E-04 8.442 

5% load - 4.66E-22 2.38E-26 0.290 0.016 14.783 

10% load 5.55E-08 2.77E-40 1.43E-56 0.037 1.078 17.208 

20% load 1.15E-71 6.94E-89 5.34E-285 5.04E-13 1.31E-04 3.122 

30% load 6.41E-155 7.00E-110 2.41E-207 1.78E-19 1.20E-09 0.804 

 

Table 24: Slope method: erroneously categorized combustions and misfires, using all available 

series for the failing operating points in Table 23. 

 Cyl 1 Cyl 2 Cyl 3 Cyl 4 Cyl 5 

 A [%] B [%] A [%] B [%] A [%] B [%] A [%] B [%] A [%] B [%] 

2000 rpm, 5% load 0.00 0.00 0.64 0.81 0.00 0.00 0.00 0.00 0.00 0.00 

2200 rpm, 10% load 0.00 0.00 2.62 2.77 0.00 0.00 0.00 0.00 0.00 0.00 

2390 rpm, 0% load 0.00 0.00 23.58 18.63 0.00 0.00 0.00 0.00 0.00 0.00 

2390 rpm, 5% load 0.00 0.00 47.59 26.33 0.00 0.00 0.00 0.00 0.00 0.00 

2390 rpm, 10% load 0.00 0.00 26.59 59.45 0.00 0.00 0.00 0.00 0.00 0.00 

2390 rpm, 20% load 0.00 0.00 7.89 7.72 0.00 0.00 0.00 0.00 0.00 0.00 

2390 rpm, 30% load 0.00 0.00 2.08 1.94 0.00 0.00 0.00 0.00 0.00 0.00 

 

Table 25: Slope method: Percentage of erroneously categorized combustions using a reduced 

combustion threshold value for a misfire on cylinder 2 following a misfire on cylinder 1. As this 

test case only exists for cylinder 2, only data for cylinder 2 is presented. 

Speed [rpm] 600 800 1000 2000 2200 2390 

0% load 3.62E-20 2.59E-66 2.34E-54 4.73E-24 1.26E-27 2.62E-06 

5% load  - 2.23E-60 5.18E-52 1.43E-17 4.87E-18 7.73E-10 

10% load 2.85E-12 4.80E-57 2.49E-85 1.14E-31 2.80E-31 1.01E-19 

20% load 1.62E-60 2.70E-222 1.00E-307 1.10E-56 1.32E-61 8.80E-28 

30% load 7.81E-149 < 1E-307 < 1E-307 9.73E-66 2.13E-50 4.55E-05 
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