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Abstract 

Spark plugs in Otto engines are usually subjected to service intervals in terms of mileage as a 

preventive maintenance strategy. The service interval is aimed to cover and safeguard the worst 

case scenario of spark plug wear during operation. Over the past decade, long life spark plugs have 

been used in Otto engines and thus sometimes spark plugs are replaced prematurely in regards to 

the actual condition. This master thesis work aims at developing a model such that the factors that 

causes spark plug wear can be correlated such that the state of spark plugs can be monitored and 

replaced in a gas engine when they have actually aged and gotten to the real end of life.  

Tests were carried out in the engine test cells on different spark plugs at different stages of life 

times. The worst case operating conditions in terms of engine load, operational speeds that have 

exhaust gas recirculated and injected with the incoming air flow into the combustion chamber was 

used. Of interest to observe in this test is the mean breakdown voltage that is needed to create a 

spark discharge for combustible mixture to be ignited. It was observed that spark plugs that have 

more run hours shows high values of mean breakdown voltage than newer spark plugs. Operational 

data from a field test truck were analyzed from the period when the spark plugs were installed to 

the point when the spark plugs were replaced. No clear trends were observed in terms of 

breakdown voltage but it can be deduced that the spark plugs were still not approaching the end 

of life in terms of electrode wear when they were replaced. A software to test the model was used 

in test trucks operating on gas engines at idle and high engine loads with specific conditions in 

terms of engine operating conditions for each case being used to test the model. The results show 

a similarity and consistency with that from the operational data and test cell in terms of the average 

breakdown voltage.  
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Sammanfattning 

Tändstift i Otto-motorer har vanligtvis serviceintervall i termer av körsträcka som förebyggande 

underhållsstrategi. Serviceintervallet syftar till att täcka in och skydda mot det värsta fallet med 

tändstiftslitage under drift. Under det senaste decenniet har långa tändstift använts i Otto-motorer, 

och ibland ersätts tändstiftet för tidigt med hänsyn till det faktiska tillståndet. Det här masterarbetet 

syftar till att utveckla en modell så att de faktorer som orsakar tändstiftslitage kan korreleras, så att 

tändstiftets tillstånd kan övervakas och ersättas i en gasmotor när de faktiskt har åldrats och kommit 

till den verkliga slutet av livet. 

Test utfördes i motortestcellerna på olika tändstift vid olika stadier av livstiden. De värsta 

driftsförhållandena med avseende på motorbelastning och driftshastigheter där avgaser recirkuleras 

och injiceras med inkommande luftflöde i förbränningskammaren användes. Av intresse att 

observera i detta test är den genomsnittliga nedbrytningsspänningen som behövs för att skapa en 

gnistladdning för den brännbara blandningen som skall antändas. Det observerades att tändstift 

som har fler körtimmar visar höga värden av genomsnittlig nedbrytningsspänning än nyare 

tändstift. Operativa data från en fälttestbil analyserades från den tidpunkt då tändstiftet installerades 

till den punkt då tändstiftet ersattes. Inga tydliga trender observerades när det gäller 

sönderdelningsspänning men det kan utläsas att tändstiften fortfarande inte närmar sig slutet av 

livet när det gäller elektrodslitage när de ersattes. En mjukvara för att testa modellen användes i 

testbilar som körs på gasmotorer vid tomgång och hög motorbelastning, med specifika 

förhållanden när det gäller motorns driftsförhållanden för varje fall som används för att testa 

modellen. Resultaten visar en likhet och konsekvens med resultat från operativa data och testcellen 

i termer av den genomsnittliga nedbrytningsspänningen. 
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1 Introduction  

Spark plugs play a critical role in spark ignited internal combustion engines by initiating the spark 

generation  between electrodes that  starts the combustion of compressed fuel/air mixture [1]. In 

terms of performance requirements, a spark plug has to withstand extraordinary harsh operating 

conditions in the combustion chamber. It has to resist thermal shocks due to sequence of cold 

intake air which has ambient temperatures and hot exhaust gases of up to 3000℃ at high load 

conditions. It is subjected to chemical reactions and chemical deposits of combustion. A spark plug 

has to endure oscillating pressures of up to 150 bars. It handles voltages up to 40,000 V with no 

disruptive charge flashover at its insulator even when residues from combustion such as soot and 

carbon which can be electrically conductive at some thermal operating conditions [2].  These 

adversities increases the wear of spark plugs and hence high quality materials are needed in its 

fabrication to increase its life length [3]. Figure 1 below shows the parts of a spark plug.  

 

Figure 1: Parts of a spark plug [4] 

The gas-tight terminal nut is made of steel and is mounted in an insulator with an electrically 

conductive glass seal. The glass seal also connects the terminal nut to the center electrode. It has 

threads for connection to the ignition cable. The insulator is made of special ceramic material and 

insulates the terminal nut from the shell and the center electrode. It has to have good thermal 

conductivity and electrical insulation; hence Aluminium oxide ( Al2O3 ) is normally used. The 

gasket is used as a sealing element of the combustion chamber and hence prevents leakage from 

the combustion chamber. The central electrode is connected to the terminal nut by an internal 

wire. It is made of platinum or iridium in modern high performance spark plugs. It is subjected to 

high thermal load during flash-over and high temperature operation. This wears the electrode and 

the gap between the center and ground electrode widens. The ground electrode is attached to the 

shell by welding to the metal shell.  

In the recent decades, internal combustion engines have been required to reduce emission of NOx 

and CO2 through enforcement of stringent environmental requirements [5]. To achieve this; lean 

combustion, higher pressure, stronger swirling and Exhaust Gas Recirculation (EGR) systems have 

been introduced and thus higher discharge energy ignition systems are needed to ensure improved 

ignitability and spark efficiency [6, 7]. Gaseous fuels used in gas engines are insulative when 
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compared to liquid fuels such as gasoline and are used at high compression ratios. The discharge 

voltage needed is thus increased and this increases wear of spark plugs [8]. It is thus recognized 

that spark plug reliability and lifetime performance is a critical limitation in development of gas 

engines and hence more wear resistant noble metals e.g. iridium, platinum and tungsten spark plugs 

are being developed so as to reduce wear. Even with the usage of advanced materials, the electrode 

gap grows, the roughness of the surface occurs and the geometry of the electrodes changes as 

shown in microscope images in Figure 2 below.  

  

Figure 2: Comparison of (a) New spark plug and (b) spark plug that had been used in endurance test for 777 hours 

In this thesis project, a model that can be used for condition based maintenance of spark plugs by 

quantifying the electrode wear factors is developed. This model will then be used to give an alarm 

when the spark plug electrode material is worn out and nearing its end of life thus being used for 

condition based maintenance of spark plugs in gas engines.  

 

1.1 Objectives  

The main objective of this thesis project is to develop a model for wear detection that can be used 

for condition based maintenance of the spark plugs in spark ignited gas engines. 

The other objectives are: 

➢ To correlate the spark plug wear factors to spark plug deterioration over time in gas engines  

➢ To seek a relationship between different waveforms of ignition voltage-time graphs of 

different spark plugs at different run hours  

➢ To propose operating conditions that the breakdown voltage can be measured for different 

engine applications 

➢ To use basic statistical analysis to compare breakdown voltages at different spark plug 

lifetimes  

➢ To filter voltage signals from the ignition system secondary voltage measurements so as to 

study trends of the breakdown voltage of spark plugs at different operation periods (run 

hours) 

➢ To evaluate the possibility of condition based maintenance of spark plugs based on 

breakdown voltage requirements of electrode gaps at different stages of spark plug life and 

determine the critical breakdown voltage 

  

a b 
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2 Literature Review  

The development of long life next generation long life spark plugs is motivated by need to increase 

the maintenance interval due to the demands to reduce global warming and environmental 

pollution [9]. There is need to develop high ignitability and low voltage spark plugs which was in 

the past limited to wear as platinum was used. Platinum is adversely affected by oxidation wear as 

temperatures increase in the combustion chamber [10]. According to Osamura and Abe [10] the 

development of high performance spark plugs can be represented as shown in Figure 3 below. 

Iridium alloys have been demonstrated to have a high resistance to oxidation wear and spark wear.  

 

Figure 3: Next generation spark plug targets [10] 

Scania has internally evaluated long life spark plugs for use in its gas engines by endurance 

evaluation of spark plugs with iridium center electrode and with either the platinum or iridium 

ground electrode; depending on the spark plug manufacturer [11]. Federal Mogul spark plugs have 

been chosen for use in Scania gas engines as they meet the maintenance interval of 45,000km or 

more for some applications. This work builds on that by using some spark plugs which have been 

used in endurance tests to characterise the voltage-time waveforms and develop a relationship of 

spark plug wear that can be used as a model for condition based maintenance.  

Several techniques have been developed to help show how spark plug ‘health condition’ over time 

can be monitored depending on the gap between the center and ground electrode. Cunningham et 

al. [12] patented a method of spark plug degradation detection that identifies and indicate spark 

plug degradation using misfire events at certain engine operating conditions and the pre-ignition 

signals that preceded that misfire. The information can then be used to analyse if the misfire was 

caused by spark plug wear, excessive boost or compression ratio. The microcontroller detects the 

spark plug wear and indicates through the Engine Control Unit (ECU) that the spark plugs have 

been worn out.  

Fernandes et al. [13] developed a system that can be integrated in the ignition coil to monitor the 

spark plug wear. The system is based on on-board electronics that includes a microcontroller. The 

breakdown voltage is measured using a microcontroller and the data transmitted to the ECU and 

thus the result could be displayed as service information. Their work focuses on the break-down 

voltage but no real quantification is carried out in a real engine.  

This shows an increase in lifetime of 

spark plugs and decrease in the center 

electrode diameter to improve 

ignitability. Sparking wear with time is 

related to the voltage needed to initiated 

a spark and the higher the voltage the 

higher the gap has grown with time. 

Oxidation wear is related to the 

temperatures at the combustion 

chamber. The higher the combustion 

temperature, the higher the oxidation 

wear and thus relates to properties of the 

spark plug electrodes.   
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2.1 Ignition process 

The ignition system uses a coil to boost the supplied voltage from the battery to provide high 

voltage in the secondary side of the coil. The high voltage is needed to produce the spark between 

the spark plug electrodes. The spark is only produced, when the high voltage exceeds the minimum 

threshold value that the dielectric constant of the air/fuel mixture imposes [6].   

Spark generation can be divided into four phases as proposed by Rudolf Maly (1984); pre-

breakdown, breakdown, arc discharge and glow phase. Pre-breakdown phase is characterized by 

increasing electric field between electrodes and lasts for few microseconds. The breakdown phase 

lasts for a few nanoseconds and a higher current flux is carried out in the narrow channel due to 

the partial volume between the electrodes with a high conductivity and self-initiated space charge 

being concentrated in the channel. There is a high temperature rise to a range of 50,000K and 

60,000K [14]. After the breakdown phase, a high current arc discharge arises and lasts for a few 

microseconds. This is accompanied by a drop of plasma temperature in the level of 5000K to 

6000K. Electrons are emitted from the cathode electrode for the arc to be  sustained and this is 

from the molten pool of material at the cathode electrode surface. This thus is critical as it wears 

the spark plug electrode due to high current densities on the electrodes [14, 15]. Whenever a strong 

electric field exists between an electrode gap, a discharge occurs and this establishes a high current 

density in the cathode. A high-density beam of ion energy is produced by the electrical discharge 

and this causes a high impact on the electrode surface. The kinetic energy thus causes the spattering 

of atoms from the surface of electrodes causing sputtering; a form of electrode erosion [16, 17]. 

Figure 4 below shows the ignition waveform with the firing line indicating the breakdown voltage 

and the sparking line representing the arcing discharge phase.  

 

Figure 4: Single Ignition waveform [18] 

Spark plugs work optimally at temperatures between 400℃ and 850℃. At temperatures below 

400℃, heat generated is not enough to evaporate the products of combustion and thus are 

deposited in the electrodes and this causes misfire in repeated cycles. Erosion due to oxidation 

wear becomes predominant at temperatures beyond 850℃. In any of this situations the spark plugs 

presents non-uniform wear and hence the gap growth is heterogeneous. This means that each 

electrode experiences different wear rates depending on factors in the combustion chamber. At 
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full load and high engine speed (rpm), the center electrode is hotter than the ground electrode and 

thus is worn out faster than the ground electrode [15].  

2.2 Breakdown Voltage determinant factors  

The breakdown voltage i.e. the maximum voltage between the spark plug GE and CE, depends on 

several factors. These are: 

➢ Type of fuel 

➢ Fouling of electrodes 

➢ Air/Fuel ratio 

➢ Electrode geometry 

➢ Pressure between the CE and GE i.e. in-cylinder pressure 

➢ Width of spark plug gap 

➢ Temperature of electrodes 

➢ Internal impedance of spark plugs 

Fuels that need high air/fuel ratio need a high breakdown voltage; for instance, compressed natural 

gas (CNG) has a high breakdown voltage compared to gasoline. The air/fuel ratio is important in 

that lean mixtures need higher breakdown voltage due to its low electrical conductivity [15]. 

Downsized GE and CE electrodes creates a higher field strength and thus reduced breakdown 

voltage but in the process the energy concentration in the tip increases and this could create 

undesired critical temperatures as this increases erosion and thus reduce electrode lifetime. Higher 

pressures due to load condition increases the molecule density in the spark plug gap and hence 

need for fast acceleration of electrons to ionize the molecules. This means higher electrical strength 

and thus higher pressures causes higher breakdown voltage. The spark plug gap is set to a fixed 

value as shown in Figure 5 below. An increased spark plug gap increases the breakdown voltage 

since higher electrical voltage potential is needed to maintain the field strength over larger distances 

[13, 15].  The spark gap grows over time due to erosion/wear that takes place due to discharge.  

 

Figure 5: Spark plug gap for a J-type plug 

 

 

The limiting factor in this is such that the ignition 

coil has a limit of secondary voltage which it can 

supply and when the gap growth makes the 

breakdown voltage higher than the limit, misfires 

occur and this could have catastrophic effects on 

the catalytic converter and the comfort of the 

driver. The higher voltage threshold exceeded is 

due to the fact that the value of voltage needed to 

break the dielectric constant of the air and fuel 

mixture is not attained by the supplied voltage 

from the secondary coil [19]. 
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2.2.1 Paschen’s law  

This law was established in 1889 by Friedrich Paschen and relates the breakdown voltage, spark 

plug gap and pressure between the spark plug electrodes [19]. Equation 1.1 below shows Paschen’s 

law; 

 
1ln( ) ln(ln(1 ))

B

pd
V B

Apd  −
=

− +
  (1.1) 

where BV  is the breakdown voltage, p  and d represent the pressure and the spark plug gap,   is 

the second Townsend coefficient and A  and B  are constants that depend on gas between the 

electrodes i.e. the air/fuel mixture in this case [20, 21]. It could easily be noted that the breakdown 

voltage can be reduced with decreased spark plug gap but this reduces the performance of spark 

plug in terms of poor ignitability when using high EGR, lean mixtures and high air/fuel ratios. This 

is due to lower combustible molecules in the spark plug gap [15]. Equation 1.1 has been illustrated 

using a curve as shown in Figure 6 below.  

 

Figure 6: Paschen's curve showing the breakdown voltage against the gap spacing [22]  

The curve depends on the gas in which the breakdown voltage is applied and on the electrode 

materials used. This curve enables the study of the spark plug gap through measurements of the 

breakdown voltage. The challenge therefore is to isolate other factors that cause an effect of 

breakdown voltage such as electrode fouling which increases the voltage [15].  

A relationship between the electrode gap and ignition voltage has been developed over time and it 

shows the wear performance using test runs as evaluated with the ignition-voltage demand. This 

helps define an electrode gap that provides the voltage limit with which the ignition system can 

provide and avoid the ignition miss. This relationship is illustrated in Figure 7 below.  
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Figure 7: Relationship of the ignition voltage and the electrode gap [2] 

Fernandes et al. [13] compared the breakdown voltage for new and worn spark plugs with the extra 

capacitance caused by the dielectric mixture between the ground and center electrode and results 

shows that increasing capacitance decreases the breakdown voltage as shown in Figure 8 below.  

 

Figure 8: Breakdown voltage as a function of capacitance in old and new spark plugs [13] 

2.3 Condition Based Maintenance  

Condition Based Maintenance (CBM) is a maintenance technique that is based on information 

obtained from condition monitoring of an equipment or component [23]. Condition monitoring 

of internal combustion engine components allows for maintenance to be carried out when it is 

actually required. This is opposed to  traditional maintenance that is based on time, number of 

cycles or  mileage which could be expensive as in some cases parts are replaced when they are still 

in perfect working condition or sometimes the component may break down before its normal 

replacement interval. CBM thus serve to reduce costs, reduce downtime, reduce negative 

Where, 

0U =  Voltage available in the ignition system 

zU =  Ignition voltage 

U =  Ignition voltage reserve  
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consequences on the environment, optimizes spare part management and improve flexibility as 

compared to traditional maintenance techniques [24, 25]. The three important stages of CBM are: 

data acquisition, data processing and maintenance decision making [26]. The two important aspects 

of a CBM program are diagnostics and prognostics. Whereas diagnostics deals with fault detection, 

isolation and identification; prognostics deals with fault prediction before it occurs. In fault 

prediction, the impending fault is predicted and an estimate of how soon it will occur. It can also 

be noted that diagnostics is posterior event analysis and prognostics is analysis of events prior to 

[26].   

Limited information is available on literature on condition based maintenance of spark plugs 

despite lots of studies being focused on how spark plugs plays a critical role in combustion in SI 

engines. An attempt to develop a spark plug degradation can be seen in a United States patent by 

Cunningham et al. [27]. They used the misfire and pre-ignition events together with corrections on 

the cylinder to isolate events that can demonstrate degradation of spark plugs. An effort to utilize 

the maximum voltage (breakdown voltage) needed to ionize the gas mixture between spark plug 

electrodes for spark plug condition monitoring was developed by  Fernandes et al. [13]. This 

technique can be used for condition based maintenance but more data in terms of breakdown 

voltages at various engine operating conditions of spark plugs at different run hours needs to be 

sought to validate its applicability in operational engines. This master thesis project builds from 

this work and a quantification is made using data collected from Scania gas engines and field test 

trucks.  
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3 Methodology  

3.1 Measurements in engine test cell  

This study involves use of Scania engine test cells to carry out tests on spark plug voltage-time 

characteristics at different engine operating conditions. The specifications of the gas engine used 

in this study are summarized in Table 1 below.  

Table 1: Specifications of the Scania Gas Engine used in the tests 

Cylinders 6 

Fuel Type  CNG 

Arrangement  Inline  

Bore 130 mm 

Stroke  160 mm 

Compression Ratio 12.6:1 

Displacement volume  12.7 litres  

Maximum Power  410 hp (302 kW) @1900 rpm 

Maximum Torque 2000 Nm @ 1100-1400 rpm  

 

Tests were carried out on spark plugs that had been under endurance test, from field trucks and 

new spark plugs. The spark plugs that had been under endurance test misfired during the test and 

were replaced and kept for future tests such as in the current task. The spark plugs from a field test 

truck was uninstalled after achieving the required 60,000km. Two sets of field test spark plugs were 

used in this study. New spark plugs were used so as to give an indication of the behaviour of the 

breakdown voltage for comparison with the used spark plugs. All the spark plugs under test were 

initially set to an electrode gap of 0.4mm but it is expected that it has changed for spark plugs that 

had undergone endurance test and those from a field test truck. There are six spark plugs sets 

assessed in this study and these are spark plugs with zero run hours (new spark plugs), 2 set of 

spark plugs that had been running at an average of 620 hours, 3 spark plugs from endurance tests 

of 777 hours, 779 hours and 800 hours. The spark plugs were all fixed in cylinder 1 during the tests 

and when the running engine had stabilized, the measurements were recorded.  

The Scania gas engine used in this study has EGR capability which sets in when the engine runs to 

1050rpm at full load. It was thus of interest to investigate the breakdown voltage characteristics at 

full load and at speeds when EGR starts operating and before it starts operation. For this engine, 

the full load capability is recorded at 1000-1400rpm as shown power-torque curve in figure 9 below.  

The engine operating conditions are important in this analysis and that it was set such that it runs 

when the engine is warm i.e. the engine temperature is over 80℃. The spark angle was set to be 

from 18-22° before Top Dead Centre (BTDC) and the engine speed runs from 1000-1400rpm as 

explained earlier.  
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Figure 9: Engine Torque-power curve 

All the test results were recorded real-time in INCA and Measured Data Analyzer (MDA) was used 

to carry out the initial analysis by use of the signal oscilloscope and basic statistical analysis tool. 

Of interest in this study was the voltage against time waveforms, misfire counter, Maximum 

breakdown voltage and average breakdown voltage during the measurement period.  

The data was then imported to MATLAB for signal processing of the voltage signal to remove 

noise and observe trends. The voltage signal was filtered using the Butterworth filter of order 2 

and a cut-off frequency of 0.5Hz.  

The data recorded was in measurement data format (mdf) and specifically the DAT file format and 

hence has to be read in MATLAB using a function that is attached in the Appendix section of this 

report. The recorded file contains other signals which are not needed in this study and thus the 

whole file will be imported to MATLAB and the important voltage signals used.  

3.2 Transient operating conditions  

To capture the transient conditions which are normal in engine use during actual driving, data from 

a test truck is analyzed after obtaining engine operation  conditions that can best indicate spark 

plug wear from the test cell. This data is analyzed in MATLAB by carrying out breakdown voltage 

measurements where the specified operating conditions have been specified as the conditions to 

be met by the engine before the breakdown voltage average has been made. The extend of wear 

can then be concluded based on the data obtained from the measurements from the test cell for 

different spark plugs tested.  
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In this analysis the engine operating conditions that best indicate the spark plug wear must be met 

and thus conditions were used in the MATLAB to capture the needed data and record the average 

breakdown voltage when the conditions are met. The conditions are such that from the 

measurements in the test cell, the engine speeds, load, temperature and spark angle should be at a 

narrow range such that if the conditions are met then the breakdown voltage should show the 

condition of deterioration  of the spark plug in each engine cylinders.  

3.3 Initial tests from the test truck  

Tests on the model is carried out in a test truck to observe how the model works is performed. 

This tests will be carried out as initial test on a truck; the software was developed in collaboration 

with the ECU programming engineers during the master thesis period. This provides initial results 

but in the end, long term results as the spark plug ages during its operation will validate the model 

and adjustments can be made where necessary. In this tests, high engine loads and idle operating 

conditions are used.  
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4 Results and Discussions  

In this section, the results obtained from voltage signal measurements in the test cell and data 

collected from a test truck are analyzed and discussed. The test results from the experiments carried 

out in the test cells informs the conditions that are used in analysis of data collected from the test 

engine. The operational data from test engine can help give interesting values that indicate the spark 

plug condition based on spark voltage and also the engine operating conditions that are best to test 

the spark plug under normal application in real driving conditions.  

The results from the tests carried out on the spark plug sets at different life stages were initially 

analyzed in MDA to check signals indicating the misfire count, maximum voltage, minimum 

voltage and average voltage during the test period. One of the waveforms for the cylinder that has 

been running for 800 hours in endurance test is as shown in Figure 10 below.  

 

Figure 10: Breakdown voltage from MDA oscilloscope 

Figure 10 above indicates that the voltage waveforms are oscillatory in that it changes from peaks 

of 34.4 kV to minimum voltage of 11.4 kV. The oscillatory nature of this data makes it difficult to 

conclusively use to indicate the state of spark plugs as the engine operating conditions may change. 

This data therefore is noisy and it has to be filtered so as to obtain conclusive values. MATLAB 

was used to filter the signals and it was realized that average breakdown voltage is more indicative 

than the peaks as filtering of signals interferes with the peaks but not the mean values. Figure 11 

shows the filtered signals for 777-hour spark plugs running at 1000rpm full load. The signals shows 

constant values of average voltage over time as steady operating conditions was used. Graph in 

appendix 1 shows the same for a spark plug with 779 run hours at 1000 rpm full load. The 

MATLAB script used is shown in appendix 7.  
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Figure 11: Filtered voltage signal for a 777 run hour spark plug at 1000rpm full load 

The graph in Appendix 2 shows the filtered voltage signal waveform for a new spark plug (0 hour) 

running at 1300rpm and at full load. The spark plug shows a mean breakdown voltage of 15.51 kV. 

The 620 hour spark plugs voltage waveform at 1300 rpm full load as in appendix 3 shows an 

average voltage of 15.39 kV. This gives a close similarity to the new spark plugs and hence this 

indicates that the spark plugs are almost at the same condition even if in reality the 620 hour spark 

plug had been replaced from a truck engine which had been running for approximately 620 hours. 

This shows that the spark plug was replaced before it’s end of life and thus the need to extend the 

service interval for the spark plug at least for the application in which this truck is being used for.  

A comparison of the voltage waveforms of the Gustavo spark plugs (620 hour) with the 800 hour 

spark plugs is shown in Figure 12 below. The 800 hour spark plug is nearing its end of life but no 

misfires were recorded during the measurement period and can be indicative of the critical mean 

voltage of spark plugs as they get close to end of life. The huge fluctuation of the peaks of the 

waveforms can be seen and this could be due to the gap created over the operation time as the 

spark plug is worn, the turbulent nature of the combustion chamber makes the electron movement 

and hence voltage to depict a bigger fluctuation compared to new spark plugs. 
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Figure 12: Comparison of filtered signal for a 800 run hour and Gustavo spark plug at 1300rpm full load  

Appendix 4 in the appendices section shows a further comparison of the voltage signal waveforms 

of new (0 hour) spark plugs and 800 spark plugs. Appendix 5 shows the new (0 hour) and the 620 

run hour spark plugs and showing a close similarity as explained earlier. Appendix 6 shows the 777 

hour and new park plug waveforms in the same graph. This is at engine speed of 1000rpm and full 

load and is indicative of the difference of the average spark voltage at different life times of spark 

plugs. This is explained by increased spark plug gap with use of spark plug over its life time.  

The average breakdown voltage for the sets of spark plugs tested was tabulated as shown in Table 

2 below. There is a general increase in spark voltage as the life time of the spark plug increase, but 

this study aims at giving a value of the critical mean spark voltage as the spark plug gets close to 

end of life. The 777 hour and 800 hour spark plugs records high mean spark voltage as they are 

getting close to end of life. A graph for the averaged values to show the mean breakdown voltage 

for different stages of spark plug is shown in Figure 13 below.  

Table 2: Tabulated average breakdown voltage for spark plugs under test 

Spark plug Mean Vb (kV) at 1300rpm full load 

0 hours  15.53 

620 hours 16.64 

620 hours 16.76 

777 hours 18.73 

779 hours 17.24 

800 hours  22.68 

It can be noted that filtered average spark plug voltage of 23 kV can be used as the critical voltage 
in real tests at normal engine operating conditions during application.  
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Figure 13: Mean breakdown voltage at different spark plug lifetimes 

4.1 Condition Based Maintenance strategy 

Analysis of data from field test engine was carried out but in this case since the driving condition 

varies as the load and speed requirements always change during real driving conditions. Figure 14 

shows the average breakdown voltage as obtained from operational data of a gas engine used in a 

field test truck. The change in average breakdown voltage due to transient conditions during real 

driving necessitates that critical indicative operating conditions be identified and used to only 

record the average breakdown voltage when those operating conditions are met.  

 

Figure 14: Average breakdown voltage during real driving conditions 
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The data was imported from mdf files to MATLAB where the conditions needed to measure and 

filter the mean breakdown voltage are specified in a MATLAB script (Appendix 8) of this report. 

The engine load, engine speed, engine temperature and spark angle changes during a sample driving 

period from the data analyzed is as shown in Figure 15–18. There is need to specify the engine 

operating  conditions that the spark voltage will be used to indicate the spark plug condition. This 

conditions as seen in the voltage signals from measurements in the test cell as; 

➢ The engine should be at speeds of between 1150-1350rpm.  

➢ The engine load (Torque) should be over 95% 

➢ The engine temperature should be over 80℃ 

➢ The spark angle should be between 18°-22° BTDC 

➢ These conditions should be all met for at least 5 seconds before the filtered average spark 

voltage is computed.  

Since for some applications such as garbage collection trucks, the mode operation is mostly idle, a 

strategy to observe the breakdown voltage performance is made at idle operating conditions which 

are speeds of 500rpm, spark angles of -2° to -10° BTDC and engine temperature of over 80℃. 

These tests were not carried out on the spark plugs from endurance tests but a software was 

developed and used to read the voltage values from the engine management system. It was used 

then to carry out initial tests for some applications that do not require high torques during normal 

applications as in garbage collection trucks which operate mostly at idle.  

 

Figure 15: Engine load (Torque) with time 
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Figure 16: Engine speed and breakdown voltage with time with time 

 

Figure 17: Spark angle variation during the driving period 
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Figure 18: Engine temperature 

At some instances during the driving time selected for this analysis, the specified conditions are 

met as indicated in this case by zooming into the Figure 15 and 16 above in MATLAB to get the 

conditions of interest as in Figure 19 and 20 at a short time interval during the measurement period. 

It can be noted in Figure 19 that the speeds that meets the operating conditions of interest are met 

several times for more than five seconds between 1580 to 1650 seconds and thus it should be used 

if all the other conditions of engine load, engine temperature and spark angle are met.  A MATLAB 

script was then written to use the needed conditions and record the filtered average voltage when 

all the conditions are met during the driving period.  

 

Figure 19: Speed and breakdown voltage at load above 95% at the real driving case  
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Figure 20: Full load conditions met at this points of the real driving case 

A MATLAB script (Appendix 8 of this report) uses the operational data from a field test truck to 

analyze the spark plug condition during real driving conditions. Operational data from when the 

spark plugs were installed in the test truck to the day they were replaced was analyzed to help 

indicate the condition of spark plugs at critical operating conditions. The results is summarized as 

shown in Figure 21. The bar chart shows the average voltage per cylinder with a benchmark of 

23kV as observed in the test cell measurements used as the limit that is reached when the spark 

plugs are approaching end of life. On average the spark plugs at this measurement points (when 

the suggested conditions are met) shows values similar to that measured during the tests in the test 

cell.  
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Figure 21: Bar graph representing the breakdown voltage indicating the level of wear compared to the limit average breakdown voltage 

Taking an average of measurements of the monthly spark plugs average breakdown voltage to 

observe whether trends could be observed from the operational data as in Figure 22 shows that no 

clear trends can be observed. The reason could be that the spark plugs are still not used to a state 

where they have significant wear so as to have it reach end of life once they are replaced during the 

regular maintenance interval of 60,000km. This could be a reason to slightly increase the 

maintenance interval before the condition based maintenance of spark plugs is adopted.  

 

Figure 22: Average breakdown voltage during the spark plug use in a field test truck 
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Initial tests from a test truck is observed to show similar results as those from the operational data. 

A software developed to read initial values of the breakdown voltage shows this. The results shows 

a similarity with those collected from the test cell and from operational data from a field test truck 

engine. A representation of the values obtained can be made in form of a bar chart which shows 

the mean breakdown voltage over time with the critical value being the point where the spark plugs 

can be replaced is as shown in Figure 23 and 24. Figure 23 shows a similarity with the values 

obtained from operational data in terms of mean aggregate but there is no consistency from 

cylinder to cylinder basis. This may be attributed to differences in cylinder pressures in different 

engines or even variation in cylinder pressures of the same engine amongst other factors causing 

the differences in the mean breakdown voltage. The values at idle are lower at full load as explained 

due to lower pressures and hence less tougher conditions to initiate the spark.  

 

Figure 23: A representation of the mean breakdown voltage from real driving conditions at high load 
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Figure 24: A representation of the mean breakdown voltage from real driving conditions at idle 
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5 Future work and Conclusions   

In this work a model for condition based maintenance of spark plugs in gas engines is developed. 

Tests were carried out on the spark plugs used in endurance tests then operational data from a test 

truck were analyzed from the time when the spark plugs were installed to the time they were 

replaced as per the Scania interval-based maintenance strategy for spark plugs. A software that can 

be used was developed by the engine optimization group together with the engineers programming 

the engine ECU. This software will prove handy to carry out tests in the various Scania engines 

based on application i.e. on stationary engines, garbage trucks, heavy haulage trucks, city buses and 

in distribution trucks. This is based on the various engine operating conditions at the different 

applications. A comparison of this data based on application of the gas engine will give a clear 

indication on the critical breakdown voltage based on the engine application. Further tests on real 

driving conditions will give a clear possibility of using the breakdown voltage for CBM on Scania 

gas engines.  

This master thesis project aimed at developing a wear detection model for condition based 

maintenance of spark plugs used in Scania gas engines. Tests were carried out in the test cells using 

six sets of spark plugs on a Scania 13 liter engine. This tests were carried out to investigate the 

average breakdown voltage of the different spark plugs that have been used for different run hours. 

The spark plug breakdown voltage signal was filtered to get stable values and the average obtained 

at full engine load at operating speeds of 1300rpm. The spark plugs with high run hours are 

observed to record high values of mean breakdown voltage while the new spark plugs shows lower 

values indicating no wear. Spark plugs that had been used for 620 run hours indicates that the wear 

is insignificant enough to warrant replacement and hence a recommendation to increase the mileage 

interval of replacement was made. Critical operating conditions in terms of engine load, engine 

coolant temperature, spark angle and engine rotational speed were evaluated and used to analyze 

operational data from the engine in the test truck under real driving conditions. The data was 

analyzed using a MATLAB script and similar values to those from the test cell was obtained but 

trends were not observed from the period when the spark plugs were installed to the period when 

they were replaced after 60,000km. A software developed to initially test the model shows values 

similar to those obtained in the test cells and those from operational data. Due to varying operating 

conditions of the engine, the idle operating mode was found as an interesting testing point and in 

this case lower breakdown voltages were observed than those at full load. It can thus be used to 

monitor the spark plug wear condition at certain applications such as in engines operating mostly 

at idle driving conditions. 
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Appendices  

Appendix 1: Filtered voltage signal for a 779 run hour spark plug at 1000rpm full load 

 

Appendix 2: Filtered voltage signal for a 0 run hour (New) spark plug at 1300rpm full 

load 
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Appendix 3: Filtered voltage signal for a Gustavo spark plug (620 hour) at 1300rpm 

full load 

 

Appendix 4: Comparison of filtered signal for a 800 run hour and new  spark plug at 

1300rpm full load 
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Appendix 5: Comparison of filtered signal for a 0 run hour (new) and 620 run hour spark 

plugs

 

Appendix 6: Comparison of filtered signal for a 777 run hour and new spark plug

 

Appendix 7: MATLAB script for analysis of mdf files from test cell measurements  

>> mdfimport('2018-02-122nd tests05.dat') 

Created 1 signal variable(s) appended with '_1' for 'vGrp_All1' rate 

... and 1 actual time vector 'time_1' 

Created 1 signal variable(s) appended with '_2' for '10ms time synchronous' rate 

... and 1 actual time vector 'time_2' 

Created 189 signal variable(s) appended with '_3' for '100ms time synchronous' rate 
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... and 1 actual time vector 'time_3' 

Created 256 signal variable(s) appended with '_4' for '10ms time synchronous' rate 

... and 1 actual time vector 'time_4' 

Created 297 signal variable(s) appended with '_5' for 'segment synchronous' rate 

... and 1 actual time vector 'time_5' 

Created 1 signal variable(s) appended with '_6' for 

'CalibrationRecordingSingleShotGroup\ETKC:1' rate 

... and 1 actual time vector 'time_6' 

>> [A B]=butter(2,0.01); 

>> X=filter(A,B,Com_uSprkCyl1_4); 

>> plot(time_4,X) 

>> hold on  

>> mdfimport('2018-03-05_Gustvoset25.dat') 

Created 1 signal variable(s) appended with '_1' for 'vGrp_All1_1' rate 

... and 1 actual time vector 'time_1' 

Created 1 signal variable(s) appended with '_2' for '10ms time synchronous' rate 

... and 1 actual time vector 'time_2' 

Created 188 signal variable(s) appended with '_3' for '100ms time synchronous' rate 

... and 1 actual time vector 'time_3' 

Created 246 signal variable(s) appended with '_4' for '10ms time synchronous' rate 

... and 1 actual time vector 'time_4' 

Created 280 signal variable(s) appended with '_5' for 'segment synchronous' rate 

... and 1 actual time vector 'time_5' 

Created 1 signal variable(s) appended with '_6' for 

'CalibrationRecordingSingleShotGroup\ETKC:1' rate 

... and 1 actual time vector 'time_6' 

Created 1 signal variable(s) appended with '_7' for 'ZWAPPL\ETKC:1\SingleShotGroup' rate 

... and 1 actual time vector 'time_7' 

>> [C D]=butter(2,0.01); 

Y=filter(C,D,Com_uSprkCyl3_4); 

plot(time_4,Y) 

>> xlabel('Time in sec') 

>> ylabel('Breakdown Voltage in KV') 

>> legend('New spark plug','800 hours spark plug') 
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Appendix 8: MATLAB script demonstrating use of CBM strategy proposed in this study  

%% Data from a test truck used to suggest a Condition 

Based Maintenance (CBM) model that can be employed 

clc 

clear all  

%% Set the same time for all variables  

time = 1:1:4.9029e+03; % Measurement period of 1 hour 21 

minutes  

%% Maximum spark voltage during the measurement period  

mdfimport('DO121160.DAT') %Importing the mdf files from 

field test truck  

[A B]=butter(5,0.001); % Low pass filter of order 5 to 

filter Maximum voltage  

X_1=filter(A,B,Com_uSprkCyl1_1); 

X_2=filter(A,B,Com_uSprkCyl2_1); 

X_3=filter(A,B,Com_uSprkCyl3_1); 

X_4=filter(A,B,Com_uSprkCyl4_1); 

X_5=filter(A,B,Com_uSprkCyl5_1); 

%% Record the spark voltage at the same time 

X_1_scaled = interp1(time_1,X_1,time)'; 

X_2_scaled = interp1(time_1,X_2,time)'; 

X_3_scaled = interp1(time_1,X_3,time)'; 

X_4_scaled = interp1(time_1,X_4,time)'; 

X_5_scaled = interp1(time_1,X_5,time)'; 

figure(1) 

yyaxis left 

plot(time_1,X_1)% Breakdown voltage for over an hour of 

driving at different operating conditions  

hold on 

[C D]=butter(2,0.01); % Low pass filter of order 2 to 

filter engine speed  

Y=filter(C,D,nmot_w_1); 

yyaxis right  

plot(time_1,Y) 

xlabel('Time (sec)') 

yyaxis left  

ylabel('Breakdown Voltage (kV)') 

yyaxis right  

ylabel('Engine speed (rpm)') 

%% Record the Engine speed in same time  

Y_scaled = interp1(time_1,Y,time)'; 

%plot(time,Y_scaled,'b') % test if right or not 

%% Engine load  

figure(2) 

[E F]=butter(7,0.01); % Low pass filter of order 7  

Q=filter(E,F,miist_w_1*25.5); 

plot(time_1,Q) 
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xlabel('Time (sec)') 

ylabel('Engine torque (Nm)') 

%% Record the Engine load in same time 

Q_scaled = interp1(time_1,Q,time)'; 

%% Engine temperature during the measurement period  

figure(3) 

mdfimport('DO011160.DAT') 

plot(time_1,vset_t_eng_S16_1) 

ylim([0 100]) 

xlabel('Time (sec)') 

ylabel('Temperature (^{o}C)') 

%% record the Engine temperature at same time 

vset_t_eng_S16_1_scaled = 

interp1(time_1,vset_t_eng_S16_1,time)'; 

%% Spark angle  

mdfimport('DO111160.DAT') 

figure (4) 

[G H]=butter(5,0.01); % Low pass filter of order 5 

V=filter(G,H,zwout_1); 

plot(time_1,V) 

xlabel('Time (Sec)') 

ylabel('Spark angle (^{o})') 

%% Record the Spark angle same time 

V_scaled = interp1(time_1,V,time)'; 

%% CBM strategy using the chosen operating conditions and 

carrying out the breakdown voltage for those measurements 

  

for i = 1:1:time(end); % from the begin time to the end 

time, see if all conditon are met 

condition(i) = Y_scaled(i)>1150 && Y_scaled(i)<1350 && 

Q_scaled(i)>1800 && vset_t_eng_S16_1_scaled(i)>90 && 

V_scaled(i)>18 && V_scaled(i)<22; 

end 

index = 1; 

for i = 1:1:time(end);  % begin_rec to record if the five 

second satisfied 

begin_rec(i) = 0; 

if condition(i) == 1 

    begin_rec(i) = 1; 

    for j = i:1:min(i+5,time(end)) ; 

        if condition(j) == 0 ; 

            begin_rec(i) = 0; 

        end 

    end 

end 

end 
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index = find(begin_rec,1,'first'); % The first element 

that equal to zero, as a starting point 

ind = 1;% Record how many intervals we have for the 

condition satisfied 

interval = []; 

while index < time(end); 

    rectime = []; 

for i = index:1:time(end); 

    rectime = [rectime,i]; 

    if condition(i) == 0 ; 

        interval = [interval,index,index + 

length(rectime)-2] 

        index = index + length(rectime)-1; 

        index = 

find(begin_rec(index+1:end),1,'first')+index; 

        break; 

    end 

    if  i == time(end) 

        interval = [interval,index,length(time)] 

        index = index + length(rectime)-1; 

        index = 

find(begin_rec(index+1:end),1,'first')+index; 

        break; 

    end 

end 

end 

  

%% Calculating  the average breakdown voltage when all the 

conditions are met 

for i = 1:2:length(interval); 

    X_1_ave((i+1)/2) = 

mean(X_1_scaled(interval(i):interval(i+1))); 

    X_2_ave((i+1)/2) = 

mean(X_2_scaled(interval(i):interval(i+1))); 

    X_3_ave((i+1)/2) = 

mean(X_3_scaled(interval(i):interval(i+1))); 

    X_4_ave((i+1)/2) = 

mean(X_4_scaled(interval(i):interval(i+1))); 

    X_5_ave((i+1)/2) = 

mean(X_5_scaled(interval(i):interval(i+1))); 

end 

mean(X_1_ave); % Returns the mean of the breakdown voltage 

when the given conditions are met over the measurement 

time  

mean(X_2_ave); 

mean(X_3_ave); 

mean(X_4_ave); 
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mean(X_5_ave); 

figure (5) 

S=[mean(X_1_ave) mean(X_2_ave) mean(X_3_ave) mean(X_4_ave) 

mean(X_5_ave)]; 

x=1:1:5; 

bar(x,S) %Comparison for 5 cylinders in terms of firing 

order  

ylim([0 40]) 

hline = refline([0 23]); 

hline.Color = 'r'; 

legend('Bars representing mean voltage in 

cylinders','Benchmark for mean voltage limit') 

xlabel('Cylinder firing order') 

ylabel('Average Breakdown Voltage (kV)') 

Percentage_wear_Cylinder1=100*(1-(22.5-

(mean(X_1_ave)))/(22.5-(mean(X_5_ave)))) 

Percentage_wear_Cylinder5=100*(1-(22.5-

(mean(X_2_ave)))/(22.5-(mean(X_5_ave)))) 

Percentage_wear_Cylinder3=100*(1-(22.5-

(mean(X_3_ave)))/(22.5-(mean(X_5_ave)))) 

Percentage_wear_Cylinder6=100*(1-(22.5-

(mean(X_4_ave)))/(22.5-(mean(X_5_ave)))) 

Percentage_wear_Cylinder2=100*(1-(22.5-

(mean(X_5_ave)))/(22.5-(mean(X_5_ave)))) 

fprintf('The percentage wear of spark plug in cylinder 1 

is %.2f percent', Percentage_wear_Cylinder1) 

fprintf('The percentage wear of spark plug in cylinder 2 

is %.2f percent', Percentage_wear_Cylinder2) 

fprintf('The percentage wear of spark plug in cylinder 3 

is %.2f percent', Percentage_wear_Cylinder3) 

fprintf('The percentage wear of spark plug in cylinder 5 

is %.2f percent', Percentage_wear_Cylinder5) 

fprintf('The percentage wear of spark plug in cylinder 6 

is %.2f percent', Percentage_wear_Cylinder6) 

 

 

 


