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Abstract 

Pre-ignition remains a significant bottleneck to further downsizing and 

downspeeding technologies employed for reducing CO2 emissions in 

modern turbocharged spark-ignited engines. Pre-ignition, which 

occurs rarely, may lead to high peak pressures that auto-ignite the 

entire charge before TDC. The resulting high-pressure oscillations are 

known as super-knock, leading to sudden and permanent hardware 

damage to the engine. Over the years, numerous researchers have 

investigated the stochastic phenomenon’s source and concluded that 

there is a role of lubricant additives, deposits, gasoline properties, and 

hot surfaces in triggering pre-ignition. No single source has been 

identified; the research continues. Here, we take a different approach; 

rather than continue the search for the source(s) of super-knock, we 

explore mitigating super-knock by detecting pre-ignition early enough 

to take immediate evasive action. Such evasive action is expected to 

suppress knock intensity, thereby saving the engine from any 

permanent damage.  

In this regard, the current work offers ways to detect pre-ignition 

(using ion sensors) and then mitigate engine damage by using 

immediate fuel enrichment. We present three related explorations.  

In exploration #1, we explore if the occurrence of ions products from 

the exhaust can warn that the next cycle has a high probability of pre-

ignition. For this next cycle, the intake fuel injection can be suspended 

or increased to operate engine fuel-rich. We find strong ion activity on 

every cycle. However, there is a weak correlation between the ion 

signal and pre-ignition occurrence. 

In exploration #2, an in-cylinder ion-current sensor is used to discover 

pre-ignition event unfolding during the compression stroke. When 

such a rare event is detected, more fuel is immediately injected, making 

the end gas far less reactive and avoiding autoignition and knock. 

These explorations #1 and #2 were conducted with a DC-based ion 

sensor. These explorations showed exciting and promising findings. 

However, our DC-based ion sensors are prone to low signal-to-noise 

ratio SNR, leading to false positives (unacceptably high number of 

false positives.)  

In Exploration #3, the signal-to-noise ratio improvement is explored 

by replacing the DC-based system with a novel AC-based system. We 

find the bandpass filtering of the ion signal is key to improved SNR.  

Introduction: 

Many kinds of combustion engines have been proposed over the last 

200 years. The field is now reduced to two lead engine types, 

Compression Ignited (CI) and Spark Ignited (SI) engines. Climate 

change legislations have encouraged less CO2 emissions from all 

engines, necessitating improved engine efficiency (or a change to 

alternate fuels). The efficiency of spark-ignited engines is often limited 

by ‘knock’, which is the sudden and rapid auto-ignition of the fuel-in-

air mixture (called ‘end gas’) ahead of the oncoming spark-initiated 

flame front [1]. A common goal is that the advancing flame front 

consumes the end gas before the end gas has had enough time to auto-

ignite. 

With pressure sensors in engine cylinders, one reveals that ‘knock’ is 

caused by the pressure oscillations in the cylinder. Auto-ignition of the 

fuel-air mixture in the end-gas zone of the cylinder creates pressure 

waves that propagate and are reflected, even being focused, by the 

curved cylinder walls. Such pressure fluctuations are more than an 

annoyance, but in fact, cause steady damage to in-cylinder parts. 

With climate change legislation emerging, many car companies 

increasingly turn to make engines that emit less CO2 by downsizing 

and downspeeding while increasing the intake air pressure, ‘boosting’, 

to deliver the larger engines’ peak power, when demanded. The 

increase in intake pressure increases the collision rate of molecules. 

Thus, it accelerates chemical reactions and unavoidably reduces the 

time needed for the end gas to arrive at auto-ignition time. Moreover, 

the lower speed of the engine invites problems by allowing more time 

for the end gas to reach the auto-ignition time. Detection of faults, like 

knock occurring due to auto-ignition or failure of engine components, 

becomes critical, not only for engine health but for continuous 

compliance of emission targets as well [2].  

An additional problem is emerging, in rare cycles (say less than 1 in 

10,000); combustion inside of the engine cylinder is increasingly 

occurring before the spark is initiated. These rare events are called 

‘pre-ignition’. No different from an advanced spark timing, a pre-

ignition event predictably leads to higher peak pressure. Such extreme 

conditions accelerate the chemical reactions that lead to a reduced 

autoignition time, leading to end gas explosions before TDC. This 

creates exceptionally large pressures with attendant large pressure 

oscillations, termed as super-knock. It is widely accepted that a pre-

ignition flame is caused by hot particles or hot spots or debris, which 

are artifacts from the previous combustion cycle. If, for some reason, 

a combustion event creates hot particles. It may be expected that these 

hot particles are discharged through the exhaust port. However, closer 

inspection indicates that some fraction of the exhaust is not pushed out 

of the chamber. This small fraction is called the residual fraction. 

There may be a few hot particles, or burning oil droplets, or hot spots 

that become blended with the incoming fuel-in-air during the intake 

stroke in the residual fraction. The hot particles or hot spots or burning 

oil droplets may grow into a flame that emerges well before the spark 

plug ignition; hence, we have created a pre-ignition event.  
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Historically, researchers have explored what is causing the pre-ignition 

event. The list of possible sources is extensive and includes variations 

in lubrication oil, gasoline properties, potential hot spots on the 

cylinder walls, and more [3]. Knowing these many sources, a long list 

of recommendations of fuel and lube oil specifications has emerged.  

Here, we explore a different route. Instead of increased specification 

on gasoline and lube oils, with a view of suppressing pre-ignition 

events, we ask: can we instead tolerate a few pre-ignition events by 

detecting a pre-ignition event in progress and then rapidly taking 

evasive maneuvers that abort the pre-ignition event right away? 

For pre-ignition detection, pressure sensors have been essential for 

research but are usually considered too expensive for widespread mass 

production, commercial use (for a possible exception, see the Mazda’s 

SkyActiv-X engine [4]). As one alternative to a pressure sensors, data-

driven algorithms have also been used to diagnose pre-ignition 

recently (2020) [5]. As an affordable surrogate for pressure sensor, 

many researchers have explored using ion sensors [6, 7]. The use of an 

ion current sensor is not novel by any measure. The earliest patents on 

its use in internal combustion engines date back to the 1890s [8, 9]. 

Downs (1950) used a pre-igniter (a hotspot with controllable heat 

energy) and an ion sensor to detect if pre-ignition occurred for a given 

heat energy [10, 11]. Melby (1953) used as many as 17 ion sensors on 

the cylinder head to track a pre-ignition event’s flame front 

propagation [12]. Ion sensors were employed in combustion 

diagnostics (to detect knock and combustion phasing) by several 

researchers [13, 14]. More recently, ion sensors are being investigated 

again for pre-ignition detection [15-18]. Using such a device to detect 

a pre-ignition event requires no additional hardware as the existing 

spark plug can be used as an ion current sensor when not sparking.  

Current research explores three routes for pre-ignition detection and 

subsequent mitigation strategies.   

Exploration #1, our first approach is to explore the products 

discharged during the exhaust stroke to see if, from time to time, an 

unusual amount of hydrocarbons or ions or particles are in an exhaust 

event. We then will explore if these unusual amounts of exhaust ion 

activity are precursors to pre-ignition in the next cycle. Here, pre-

ignition detection is explored using a DC-based ion current sensor 

located in the exhaust. If we see such an unusual exhaust event, and if 

we learn that this event warns that the next cycle will have a pre-

ignition event, then there is plenty of time for corrective action, 

including simply not injecting any fuel in the subsequent intake stroke 

or running the next cycle fuel-rich.  

This first exploration #1 is motivated by Haenel et al. (2017) [19]. The 

researchers detected rare events of unburned hydrocarbon emissions 

during the exhaust cycle before a pre-ignition cycle. This exhaust 

detection may allow predicting a pre-ignition event in the following 

cycle, therefore giving ample time for evasive action. Instead of a 

hydrocarbon detector used by Haenel et al. (2017) [19], we explore 

using an ion detection. 

Exploration #2, in our second approach, we use an in-cylinder ion 

current signal to alert that a pre-ignition flame has been initiated and is 

in progress. When alerted, we can immediately inject extra fuel. 

A flame is reasonably described as a thin zone (~1mm) of intense 

chemical reaction that propagates and convects (at ~1mm/ms) through 

the combustion mixture inside the engine cylinder. Among the many 

chemical reactions inside the flame zone, are a few reactions that 

produce positive ions and electrons. These ions and electrons make the 

flame zone a mild plasma that can conduct electrical current. As the 

flame zone passes between charged electrodes (e.g., spark plug gap), 

an ion current flows for about 1 ms.  A flame arrival is indicated when 

the ion current rapidly increases. A threshold level is set such that when 

the ion current exceeds the threshold, we say a (pre-ignition) flame has 

crossed the ion sensor gap (e.g., the spark plug gap). 

In principle, we find this pre-ignition detection device works. In 

practice, the noise in the circuit produces some false positive 

detections of flame arrival. We need a system with higher SNR. A 

pioneering improvement in ion detection SNR was reported (2000) by 

Wilstermann et al. [20]. They upgraded the gap voltage from DC to 

AC with an associated AC detection circuit. While there is a wealth of 

research on DC-based ion current sensor, research on employing an 

AC-based ion current sensor is scant. 

Exploration #3, our third approach is to propose an ion sensor where 

our DC system is upgraded to an AC system. Exploration #3 is 

basically Exploration #2, where we replace the DC system with a novel 

AC-based ion current circuit with a narrow bandpass filter detector.  

Methodology: 

This study uses a single-cylinder engine from AVL. The engine has 

several modifications to accommodate high peak pressures often 

encountered in a pre-ignition event, including a reinforced piston, and 

connecting rod. The engine consists of two intake and two exhaust 

valves, and centrally mounted spark plug, and direct injectors. While 

there is a side-mounted direct-injector available, only the central 

injector was used for supplying fuel at 150 bar injection pressure after 

being conditioned at 25 ͦ C. More details on the hardware can be found 

in [21]. Table 1 provides general specification of the AVL engine. 

Coryton Gasoline, a Euro V standard gasoline with RON 95, was the 

fuel for the current study. Detailed specifications and properties of the 

fuel can be found in [22]. A commercial SAE 5W30 lubricant oil was 

used for the experiments. There are pressure sensors in the intake and 

the exhaust manifold. The high-frequency in-cylinder pressure sensor 

is AVL GU22CK piezoelectric sensor, with a frequency response 

greater than 20,000 Hz, which we read every 0.1 CAD.  

 

Table 1: Specifications for the AVL engine used for pre-ignition study. 

Engine AVL Single Cylinder 

Displacement Volume 454 cc 

Stroke  86 

Bore 82 

Connecting Rod 114 

Compression Ratio 9.5:1 

Valvetrain 4 valve – DOHC 

Cylinder head Pent roof 

 

In this study, an ion-current sensor was used to detect ion activity, 

which would apprise imminent pre-ignition events. This would allow 
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an evasive action to be triggered to mitigate engine damage, sometimes 

observed in a pre-ignition cycle.  

Experiments were conducted at an engine speed of 1200 rpm; coolant 

temperature was fixed at 80 ͦ C; intake air temperature and pressure 

were 25  ͦ C and 1 atm respectively. Ion current sensors can be 

repurposed spark plugs. However, two holes in the engine head were 

small in diameter, requiring us to make our ion detectors. Our custom-

made ion detectors are insulated metal rods (d~1mm) that protrudes 

into the cylinder head, using the port that was previously occupied by 

a glow plug or side fuel injector.  

Figure 1 shows a simplified circuit diagram for the DC or AC voltage 

supplied ion sensors used in these explorations. For the DC voltage ion 

current sensor, a DC power supply of 90V was provided, and resistors 

are 500 kOhm. The AC voltage is also 90 volts. 

In case of a pre-ignition event, flame front ions in the spark gap 

complete the circuit, leading to current flow with a concomitant 

voltage across the resistor. The voltage is easily seen on an 

oscilloscope and detected by electronics that detect a signal that is 

larger than a predetermined threshold. The same principle applies for 

an AC-based ion sensor, except that the source voltage is an alternating 

current at 10 kHz. Further details of the AC powered ion current sensor 

are provided later in the Results and Discussion section. One approach 

to aborting the combustion cycle is to open the exhaust valve. So far, 

this action is beyond us. Instead, we explore the immediate abortion of 

the combustion event by injecting more (too much) fuel into the 

chamber.

 

 

Figure 1: Circuit diagram for ion sensing (a) DC powered ion current (b) AC powered ion current circuit with an 8 order bandpass filter (at 10kHz) 

followed by rectifier followed by an integrator.  

Results and Discussions: 

Exploration #1: Pre-ignition prediction from exhaust cycle ion 

signal and mitigation strategy 

In previous work, we direct-injected water late in the exhaust stroke to 

cool/quench only the residual exhaust without impacting the fresh 

incoming mixture (by finishing water injection before intake valve 

opening time) [23, 24]. Such strategy significantly suppressed pre-

ignition frequency, supporting the idea that reactive debris in the 

residual gas is the cause for triggering pre-ignition in the subsequent 

cycle. This idea gained support from experiments that varied the 

amount of residuals in the engine by varying the exhaust back-

pressure, and found pre-ignition frequency correlate with mass of 

residual fraction. The pre-ignition frequency followed the residual 

mass fraction in such experiments, as well [25]. Other researchers have 

shown that time-resolved detection of unusually high hydrocarbon 

emissions during the exhaust stroke indicates unusually high 

hydrocarbon content in the residual gases that may trigger a pre-

ignition event in the next cycle [19, 26, 27]. These time-resolved 

exhaust measurements were made using fast sampling hydrocarbon 

analyzers (called “Fast FID” by some). We propose using an 

inexpensive ion-current sensor in detecting unusual exhaust activity. 

Instead of looking for hydrocarbons, we will look for ions. We 

modified a spark plug merely by welding extensions to the electrodes, 

to detect exhaust ions better. The modified spark plug and its location 

are shown in Figure 2, along with the ion current signal (in blue), 

pressure signal (in black), and exhaust valve lift profile (red). Ion 

current is observed at the instant of exhaust valve opening (EVO). The 

signals are highly repeatable and observed in every cycle. 

Unfortunately, the signals do not correlate with the hydrocarbon 

emissions in the exhaust. This was confirmed by operating the engine 

at three different lambdas, resulting in different exhaust hydrocarbon 

emissions, measured by a fast-FID. The ion current signal showed no 

correlation with the HC emissions in the exhaust (data shown in 

Appendix). Moreover, it was found that all types of pre-ignition events 

did not have a high hydrocarbon warning [28].  
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When some unusual exhaust ion activity is detected in the exhaust 

stream, hinting at an imminent pre-ignition event in the next cycle, we 

may inject more fuel (operating rich) during the intake stroke. We 

investigated this fuel richness route for its knock suppression potential. 

All fuel was injected at SoI of -300 CAD aTDC. Figure 3 shows the 

effect of operating the cycle rich on knock intensity (KI). KI increases 

initially at slightly rich conditions and decreases after more fuel is 

injected (lambda < 0.65). Previous researchers have observed similar 

behaviour for ethanol [29]. At low fuel enrichment levels, increasing 

fuel quantity reduces the auto-ignition delay time and increases the 

probability of auto-ignition in the end gas. This is investigated further 

using chemical kinetic simulations next. 

Chemical kinetic simulations were performed to help us better 

understand this behaviour of auto-ignition time vs. fuel enrichment. A 

closed homogeneous constant volume batch reactor model was used in 

ChemKin [30] using a well-validated mechanism from Sarathy et al. 

[31]. A multi-component FACE G fuel surrogate to mimic ignition 

behavior of Euro V Coryton gasoline used in the current study to match 

the RON of the fuel. Details of the surrogate fuel composition can be 

found in [32]. A constant initial pressure (25 atm) and initial 

temperature (700-1000 K) are imposed, and lambda is varied from rich 

to lean, 0.5 to 1.7. The temperature and equivalence ratio sweep are 

done to simulate the charge cooling and chemical reactivity with 

enrichment fuel addition. With decreasing lambda, auto-ignition time 

is decreased. However, decreasing temperature increases gasoline’s 

auto-ignition delay time (except for negative temperature coefficient 

(NTC) regime of 750-900 K). Operating the engine rich leads to 

temperature and lambda decrease (as shown by arrow in figure 4). The 

two competing effects help in explaining the KI trend observed in 

Figure 3.  

Exploration #2: Same cycle in-cylinder pre-ignition detection using 

DC-based ion current senor followed by mitigation strategy 

In Exploration #2, an ion sensor was mounted inside the cylinder, on 

the head, to detect pre-ignition in the combustion chamber. The 

glowplug and side-mounted injector are removed, and customized 

spark plugs are made in-house to fit the two locations shown in Figure 

5. The ground electrode for the two in-house spark plugs is the engine 

head block. One of the three locations is used as a fake pre-ignition 

location, and one is used as an ion current sensor. In the following text, 

the locations of the central spark plug, glow plug and side-mounted 

direct injector, that now house a spark plug or ion sensor, will be 

referred to as SP, GP and SM respectively.  

When the mixture is ignited at one plug, the newly created flame takes 

time to arrive at the ion detectors. This flame travel time, called 

detection delay time, is slightly different for different combinations of 

spark plug and ion detection. From the cylinder pressure, one can 

compute a mass fraction burned (MFB) at the time of detection. The 

result of these computations is shown in Table 2. The results from the 

pre-ignition spark at SM location are not reported as the ignition was 

unreliable due to unstable combustion and frequent misfires. Table 2 

shows that earlier detection occurs when the spark plug, and ion sensor 

are closely coupled. For cases when pre-ignition initiates far from the 

sensor, the detection delay time is longer. In figure 9-14 of [1], the 

flame front has traversed a large part of the cylinder when only a small 

fraction of fuel-air charge has burned. This is due to a significant 

expansion of the burnt mixture compared to the unburnt charge. This 

means that the flame has already occupied a large fraction of volume 

if pre-ignition detection occurs at a high MFB (>10%). 
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Figure 2: (a) forked spark plug is ion sensor, (b) location of spark plug 

in the exhaust, (c) ion current signal from the exhaust manifold (blue), 

pressure signal (black) and exhaust valve lift profile (red). 
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Figure 3. Effect of fuel enrichment on knock intensity. When a pre-

ignition event is detected, the fuel needs to be nearly doubled. 
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Figure 4: Auto-ignition delay times calculated for a homogeneous 

constant volume batch reactor for surrogate fuel. With decreasing 

lambda, ignition delay time decreases, leading to more knock intensity. 

Decreasing temperature leads to an increase in ignition delay time 

(except in the NTC regime), leading to lower knock intensity. The 

simulations support the observed experimental trends.  

 

 

Figure 5: (a) In-house spark plugs were made to fit the glowplug (GP) 

and Side-mounted Injector (SM), while the default spark plug was used 

at the central location (SP). (b) relative location of SP, GP and SM in 

the cylinder head are shown for reference.  

Table 2: Effect of different locations of pre-ignition source and 

detection unit on the detection delay time. 

Location of 

Pre-

ignition 

Location 

of Ion 

sensor 

Mass fraction 

burned from 

pressure (% MFB) 

Detection 

delay time 

(ms) 

GP SP 8.7 3.5 

GP SM 39.0 6.1 

SP GP 10.9 2.2 

SP SM 7.6 2.2 

 

When a pre-ignition event is detected during the compression stroke, 

we seek a counter-strategy that avoids damage from a potential super-

knock event. Fuel enrichment was again explored as one such evasive 

strategy. Fake pre-ignition events were conducted with advanced spark 

timing (-17 CAD aTDC), and then enrichment fuel was injected with 

varying delay after the fake pre-ignition. A delay of 0 ms (black data 

in figure 6) means the spark and injection timings were both at -17 

CAD aTDC. This corresponds to an ideal scenario where there is no 

delay between pre-ignition detection and evasive action. We find that 

the KI decreases monotonically with an increasing amount of 

enrichment fuel, as opposed to the previous case (see Figure 3). For a 

more realistic scenario, the injection of enrichment fuel was delayed 

relative to the advanced spark timing that simulates a pre-ignition 

event. For a detection delay time of 1 ms (red data in figure 6) and 2.4 

ms (blue data in figure 6), the KI trend remains the same.  At 1200 

RPM, each 2.4 ms is about 15 degrees. It is remarkable that even 

injecting very near TDC can still reduce KI. 
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Figure 6. Effect of enrichment duration on knock intensity. Case 2: An 

advanced combustion event is detected, and enrichment fuel is injected 

into the already started flame. Spark timing of -17 is used, and 

enrichment fuel is injected with a delay ranging from 0 to 2.4 ms. It is 

remarkable that even with the long delay, fuel injection still reduces 

KI 

Exploration #3: AC-voltage based ion current sensor  

The DC voltage ion current sensors suffer from low signal-to-noise 

ratio SNR [13, 14]. As noted earlier, with low SNR, a false ion signal 

from noise, instead of a flame front passing the ion sensor gap, may be 

detected. Such false positives will be less with larger SNR. An 

improvement in SNR is anticipated if the signal can become an AC 

signal rather than a DC signal. In this regard, a novel AC voltage 

powered ion current sensor was devised. As shown in the circuit 

diagram in Figure 1b, a signal generator produces a f = 10 kHz 



6 
 

alternating voltage at 9V, which goes through a 10X transformer to the 

ion sensor’s open gap. In case of a pre-ignition event, ions in the 

traversing flame front temporarily close the circuit. The choice of 

frequency f = 10 kHz was expedient. As we shall see below, even 

higher frequencies could be explored. 

The sequence of AC signal processing is shown in figure 7.  

Initially, a digital lock-in amplifier (Stanford Research Systems 

SR810) was used to isolate the ion signal carried at 10 kHz. The lock-

in output signal-to-noise ratio was excellent, leading to zero false-

positive events.  However, the vast internal computation required a 

delay of ~2 ms between when the flame arrived at the ion detector and 

when an abort trigger signal was launched from the digital lock-in 

amplifier. This delay of 2 ms is potentially too long as it may allow the 

pre-ignition event to become a super-knock event.  Reluctantly, the 

digital filter is replaced with an analog bandpass filter, centered around 

10 kHz range with 8th order bandpass filter (see figure 7a). The 

unfiltered signal (black line) has a voltage across the frequency range, 

while the filtered signal (red line) has a peak centred around 10 kHz 

frequency. Note that the bandpass filter rejects a great deal of noise. 

After the signal easily passes the bandpass filter, we rectify the signal 

with a ½ wave device (a full-wave rectifier would be even better), 

producing the series of half-waves shown in the top of Fig 7b. Figure 

7c illustrates a step function model of the flame zone, passing the 

detector electrodes. The 10 kHz signal will be ON for several ms. As 

these half waves are integrated, we see the rapidly growing integral in 

the middle of Fig. 7c. For illustration, we show the integral exceeding 

the trigger threshold at 250 us (also shown is the integral output from 

the digital lock-in amplifier, which has an unacceptably long internal 

delay time of 2,000 us). The trigger pulse is sent to the fuel injector 

driver, which to our pleasant surprise, has an internal delay (from the 

time a signal is given to inject to the actual start of injection) of 100 

us. We report  a total delay of 100 + 250 = 350 us. Figure 6 shows that 

injecting as late as 2.4 ms (2400 us) is still effective at reducing knock 

intensity. Our technology (at 350 us) is acceptable for knock 

suppression and thus super knock suppression.  

Time

 Input Signal

 Rectified Output Signal(b)

 

Figure 7: (a) The unfiltered output signal undergoes a bandpass 

filtering reducing the noise from frequencies other than the carrier 

frequency of 10kHz. (b) The filtered signal goes through the half-wave 

rectified and (c) integrator circuit. A trigger is placed on the rising 

signal from the integrator circuit (there is a delay of 2 ms using a lock-

in amplifier, which is reduced to 250 us when using a bandpass filter).  

Combining the two, pre-ignition detection and evasive strategy, will 

lead to reliable technology that protects any SI engine from deleterious 

hardware damage irrespective of lube oil or gasoline [34]. The current 

study was conducted at a fixed engine speed of 1200 rpm. This 

provides ~50 ms time in each cycle. This is a relatively low speed, 

allowing time for detection and mitigation of a pre-ignition event. The 

allowed time will decrease as engine speed increases. However, pre-

ignition is known to occur less and less frequently as engine speed 

increases.  

As part of this discussion, we here explore why the SNR of the AC 

device improved over the SNR of the DC device. We find the best 

source of information is simply studying how AM radio works. Our 

AC system’s improvement came merely from using an ‘8th order’ 

narrow bandpass filter for the AC signal processing while no 

intentional bandpass filter was used with the DC single processing. For 

discussion, we assume the flame zone, aka the ion zone, is 1 mm thick 

and moves at about 1m/s = 1mm/ms. As the flame zone passes the 

electrodes, we generate a single ‘square wave’ with a width of ~ 1 ms, 

and thus the strongest sine wave component is at f ~ 1000 Hz and 

rapidly decreasing amplitudes for higher harmonics. Thus, had we put 

a narrow bandpass filter centered at 1 kHz, with bandwidth the same 

as our 10 kHz bandpass filter, then, we would have, in retrospect, 

accomplished about the same SNR improvement. Having no 

intentional filtering, the previous DC systems have an unnecessarily 

wide bandpass and thus accept too much noise along with the signal 

and thus a low SNR. 

Conclusions: 

The present work proposes a novel ion current sensing method for 

detecting pre-ignition events and investigates fuel enrichment as an 

evasive method to avert super-knock and avoid engine damage. 

We find exhaust is rich in ions in every exhaust event. However, no 

positive (or negative) correlation was observed between the exhaust 

ion concentration in one cycle and pre-ignition in the next cycle, as 

confirmed in [28].  

The ion sensor inside the cylinder head easily detects the fake pre-

ignition-initiated-flame. With our early detection, we find that there is 

enough time to trigger the in-cylinder fuel injector to immediately add 

more fuel, which cools the charge and changes the chemistry, 

suppressing the probability of end-gas auto-ignition. 

A novel AC-based ion current sensor is proposed with the potential to 

reduce the signal-to-noise ratio and achieve earlier detection of 

incipient pre-ignition event. We find that the 8th order bandpass filter 

is the main reason for this AC based device’s success.  

Acknowledgment: 
Time
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Definitions/Abbreviations 

aTDC After top dead center 

CAD Crank angle degrees 

DOHC Direct overhead cam 

GHG Greenhouse Gases 

IDT Ignition Delay Time 

IMEP Indicated Mean Effective Pressure 

NTC Negative Temperature Coefficient 

SNR Signal-to-Noise Ratio 

RON Research Octane Number 

rpm Rotations per minute 

SI Spark Ignition 

KI Knock Intensity 

DC Direct Current 

AC Alternating Current 

Appendix: 

Experiments were done to investigate any correlation between the highly reliable time-resolved signal seen in the exhaust ion sensor and time-resolved 

hydrocarbon emissions. A fast-Flame Ionization Detector (fast-FID) sampling probe was placed near the exhaust valve providing crank-angle and cycle 

resolved hydrocarbon emissions. Ion current signals were monitored simultaneously. The following figure shows the results over several cycles 

recorded at three different lambdas. Three lambda values were chosen to force a different hydrocarbon emission range from the engine (hydrocarbon 

emissions increase with decreasing lambda). The expectation was that the ion current signal might show a monotonic relation with the hydrocarbon 

measured in the exhaust. The figure shows peak HC emission from each cycle plotted versus peak ion signal in the exhaust cycle.  
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