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Abstract

:

Since 2014, Formula 1 engines have been turbocharged spark-ignited engines. In this scenario, the maximum engine power available in full-load conditions can be achieved only by optimizing combustion phasing within the cycle, i.e., by advancing the center of combustion until the limit established by the occurrence of abnormal combustion. High in-cylinder pressure peaks and the possible occurrence of knocking combustion significantly increase the heat transfer to the walls and might generate hot spots inside the combustion chamber. This work presents a methodology suitable to properly diagnose and control the occurrence of pre-ignition events that emanate from hot spots. The methodology is based on a control-oriented model of the ignition delay, which is compared to the actual ignition delay calculated from the real-time processing of the in-cylinder pressure trace. When the measured ignition delay becomes significantly smaller than that modeled, it means that ignition has been activated by a hot spot instead of the spark plug. In this case, the presented approach, implemented in the electronic control unit (ECU) that manages the whole hybrid power unit, detects a pre-ignition event and corrects the injection pattern to avoid the occurrence of further abnormal combustion.
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1. Introduction


To promote research and development in the field of internal combustion engines, the Federation International de l’Automobile (FIA) has recently revised the Formula 1 sporting regulations [1,2]. As a result, since 2014, the spark-ignited internal combustion engine (ICE) has been downsized to a 1.6 L engine with a V6 layout. The engine is turbocharged with a single-stage turbocharger, and the maximum available power is limited through the limitation of the instantaneous fuel mass flow to 100 kg/h. The discussed engine layout is also characteristic of modern spark-ignition (SI) engines, where downsizing and supercharging are the means to achieve high performance and reduced fuel consumption [3].



In SI engines, standard combustion is activated by an electrically induced spark and characterized by uniform flame propagation throughout the combustion chamber. However, downsizing and boosting usually result in higher in-cylinder pressures and temperature, which potentially lead to uncontrolled spontaneous ignitions [4,5,6,7,8]. The abnormal combustion processes can be divided into two main mechanisms: end-gas auto-ignition (end-gas knock due to high pressure and temperature) and surface ignition (pre-ignition due to hot spots inside the combustion chamber) [8]. Both mechanisms result in uncontrolled combustion, characterized by impulsive energy releases and high-pressure peaks, which might lead to engine degradation and failure. Even though the mechanisms might have similar consequences for the engine and be present together, the strategies used to diagnose their occurrence need to be significantly different. In spark-ignited engines (both for standard and motorsport applications), end-gas knock is successfully controlled through proper spark advance/retarding (except in the case of runaway knock [9,10,11]), which reduce pressure and temperature during the combustion process. To maximize engine power and avoid reliability issues, an accurate cycle-by-cycle knock detection strategy is necessary; this can be based on the analysis of several kinds of signals, such as in-cylinder pressure (often used as a reference for the calibration of detection strategies) [12], engine block acceleration [13], ion currents [14], acoustic emissions [15,16], or innovative low-cost piezo-electric sensing devices [17]. Once the occurrence of end-gas knock has been detected, a specific control strategy needs to manage the proper spark advance reductions to avoid the risk of engine damage (retarding the combustion process within the cycle) [14].



The proper management of pre-ignition events is less straightforward than the control of end-gas knock because pre-ignitions are activated by hot spots already present during the compression stroke. As a result, reducing spark advance is not always the proper action to avoid further pre-ignition events because pressure and temperature in correspondence to the spark angle would be even higher. For the above reasons, it is extremely important to set up a reliable strategy to distinguish between one abnormal combustion mechanism and the other; otherwise, it would be difficult to activate the optimal control strategy.



This work presents a model-based strategy (implemented in the electronic control unit (ECU)) used to detect pre-ignition events and avoid further consecutive occurrences in all Ferrari Formula 1 engines. Pre-ignition detection is based on a control-oriented ignition delay model [18,19]. A comparison between the modeled ignition delay and measured ignition delay, calculated in real time from in-cylinder pressure measurements, allows detection of the pre-igniting cycles, i.e., the ones characterized by a measured ignition delay much lower than the expected value. To prove the accuracy of the ignition delay model, the estimated values are compared to the ignition delay values measured during standard operating cycles.



Once the pre-igniting cycles have been identified, the controller performs a proper reduction of the injected amount of fuel, the goal being to immediately reduce the temperature of the hot spots and avoid consecutive abnormal combustions. As a matter of fact, both experiments and the literature confirm that abnormal ignitions by one source can induce abnormal ignitions by the other [3]. As an example, a pre-ignition due to a hot spot can result in increased heat transfer to the piston (increasing the local temperature) and result in end-gas knock in the following cycles. For this reason, the controller needs to react immediately after the detection and perform a fuel reduction compatible with the intensity and frequency of the abnormal combustion detected.



The presented strategy for the detection and control of pre-ignition events is currently implemented in the control strategy of all Ferrari engines used for Formula 1 applications, i.e., used by Ferrari and supplied to its customer teams. However, the discussed approach is methodological and could also be applied to standard spark-ignited engines (with different architectures) used in common automotive applications.




2. Methodology for Pre-Ignition Detection


The whole methodology discussed in this paper was developed to control and limit the occurrence of pre-ignition events in real time in the engine under investigation (Ferrari V6 engine) when installed on board the vehicle. To do so, both the analysis and the implementation were carried out using only the signals available on board the Formula 1 car. In particular, Ferrari engines are always equipped with one piezo-electric in-cylinder pressure sensor per cylinder (the model is not disclosed due to confidentiality reasons). The cylinder pressure signals are processed in real time by a specific indicating system that calculates the combustion indices of interest and provides the calculated quantities to the standard ECU used for engine control (McLaren TAG 320). As a result, the engine control strategy can perform a closed-loop correction of ignition and injection based on the combustion feedback from the previous cycles.



2.1. Calculation of the Measured Ignition Delay


In this application, cylinder pressure measurements are used to determine the measured ignition delay (τm), calculated as the time corresponding to the angular distance between the spark angle (SA, mapped in the ECU) and the angular position at which 10% of fuel burned within the engine cycle is reached (MFB10, calculated by the indicating system and sent to the ECU via controller area network (CAN) bus). The MFB10 calculation is performed by detecting the angular position corresponding to 10% of the accumulated apparent rate of heat release (RoHR), determined through Equation (1) [20], where γ is the specific heat ratio of the gas, θ is the crankshaft angle, and p and V represent the in-cylinder pressure and volume, respectively.


RoHR=γγ−1pdVdθ+1γ−1pdpdθ



(1)







The calculated RoHR is integrated in a proper angular window around the top dead center (TDC) and normalized with respect to its maximum value. The angular position corresponding to 10% of this normalized curve, usually termed the mass fraction burned amount (MFB), is the measured MFB10, which represents a robust approximation of the start of combustion. To clarify the above considerations, Figure 1 reports the main quantities used for MFB10 calculation, i.e., the in-cylinder pressure (a), RoHR (b), and MFB (c).



Once MFB10 has been calculated by the indicating system and transmitted to the ECU, the measured ignition delay (expressed in milliseconds) can be easily calculated by the engine control strategy using Equation (2).


τm[ms]=SA[degBTDC]−MFB10[degATDC]nEngine [rpm]·10006



(2)







Here, the values of both SA and MFB10 are considered positive before (BTDC) and negative after the TDC (ATDC), while nEngine is the engine rotational speed in rpm. It is important to highlight that the ECU receives the calculated MFB10 before the end of the current engine cycle. Consequently, if the occurrence of an abnormal combustion is detected (based on the calculated value of τm), the engine controller can put into practice a correction of the control parameters (injected fuel or spark advance) from the first cycle following the abnormal combustion.




2.2. Control-Oriented Model of the Ignition Delay


Once the measured ignition delay (τm), calculated as mentioned in the previous subsection, is available to the engine controller, comparison with the expected ignition delay for a standard combustion process allows the detection of pre-igniting cycles. As a matter of fact, in the case of standard combustion events, ignition is activated by the spark plug and propagates as a turbulent flame front throughout the combustion chamber.



According to Equation (3) [20], for a given fuel the ignition delay can be strongly influenced by several factors, such as the in-cylinder pressure (p), in-cylinder temperature (T), and the air-to-fuel ratio (here, A, n, and B are fitted parameters that depend on the fuel and air–fuel ratio [21]).


τ=A·p−n·eBT



(3)







If the measured ignition delay becomes significantly smaller than the delay that is predicted for the current operating conditions, a pre-ignition event is occurring.



In this work, the expected ignition delay of the air–gasoline mixture is calculated through a specifically designed control-oriented model that captures the main dependencies with respect to




	
The in-cylinder temperature corresponding to the spark advance (SA);



	
The in-cylinder pressure corresponding to the SA; and



	
The air-to-fuel ratio (estimated in real time by the engine control strategy).








Even though direct measurement of the cylinder pressure corresponding to the spark advance would be possible (the engine is equipped with one sensor per cylinder), measuring the corresponding temperature would be extremely critical; this is mainly due to the slow dynamic temperature sensors which are not compatible with the fast dynamics occurring during an engine cycle. This problem can be easily overcome by simply considering that the compression stroke can be accurately approximated using a polytropic transformation, i.e., the pressure (p) and temperature (T) can be calculated by simply rearranging Equation (4), where V is the in-cylinder volume and γ is the specific heat ratio (γ=cp/cv).


pVγ=const.



(4)







Here, p and V are the in-cylinder pressure and volume, respectively, while γ is the specific heat ratio, set at 1.32 (constant value) in this work. Equation (4) can be used to estimate the effect of compression/expansion on the temperature and pressure of a motored cycle (no combustion process) if the values of these quantities are known in correspondence to one angular position.



In the layout under investigation (very similar to standard automotive applications), both air pressure and temperature are measured in the intake manifold to estimate the in-cylinder charge, since these measured values can be considered a good approximation of the in-cylinder pressure and temperature corresponding to the intake valve closure (IVC). Setting the in-cylinder pressure and temperature (at the IVC) respectively equal to the boost pressure (pBoost) and boost temperature (TBoost) allows us to estimate both pressure and temperature variations in the entire angular region in which the intake and exhaust valves are closed, simply by rearranging Equation (4). With VBDC denoting the in-cylinder volume corresponding to the intake valve closure, the cylinder pressure (p) can be estimated through Equation (5).


p=pBoost·(VBDCV)γ



(5)







Similar considerations apply to the cylinder temperature (T), which can be estimated through Equation (6).


T=TBoost·(VBDCV)γ−1



(6)







To clarify the above considerations, Figure 2 reports the estimated values of motored pressure and temperature for one engine cycle run in full load conditions, together with the cylinder volume normalized with respect to its maximum value (VBDC).



It is important to underline that the estimated quantities are representative only of the motored part of the cycle, i.e., the one obtained without combustion, because it is not possible to approximate the contribution of the combustion process to the pressure and temperature only as a function of the intake conditions [20]. This is not a limitation for the presented algorithm because ignition delay is mainly influenced by the cylinder conditions corresponding to the spark advance, i.e., before the start of combustion. Therefore, Equations (5) and (6) can be used to obtain an estimation of the pressure and temperature corresponding to the SA (always available to the engine controller) based on an approximation of the compression stroke as a polytropic process.



To properly characterize the correlation existing between the ignition delay and the estimated pressure and temperature corresponding to the spark advance, specifically designed tests were performed. Several operating points were selected to investigate the operating range with injected fuel flow between 60 and 100 kg/h, i.e., a medium–high load range in which the occurrence of pre-ignition events was detected at least once in the engine under study (the probability of pre-ignition is high only at very high loads). In each investigated point, defined through a fuel mass flow and a fixed reference lambda (not disclosed due to confidentiality reasons), a complete spark advance sweep was performed in the region of combustion stability (limited by knock and misfire occurrence). The SA sweeps run at different fuel flows (different loads) were also repeated at different rotational speeds, i.e., 8000, 10,000, 11,000, 12,000, and 13,000 rpm (the typical speed range operated at medium–high load).



During the mentioned experimental tests, all the quantities necessary to calculate the measured ignition delay τm through Equation (2) and the cylinder pressure and temperature corresponding to the spark advance (through Equations (5) and (6), respectively) were logged. The analysis of the experimental data clearly shows the existence of a strong correlation between the above three quantities. To clarify this, Figure 3 presents the map of the measured ignition delay, obtained from the analysis of the whole set of experimental tests.



As discussed above, the spark advance sweeps analyzed to extract the correlation reported in Figure 3 were performed by running the combustion process at a fixed reference lambda. However, even if it is possible to keep the air-to-fuel ratio approximately constant in steady-state conditions, it is very difficult to do so in normal running conditions, especially for the engine under study (its use is always characterized by fast load and speed transients). Therefore, to set up a robust model for the prediction of the ignition delay, it is also necessary to characterize the effect of lambda variations with respect to the reference value.



To quantify the effect of lambda variation, several SA sweeps were repeated at different lambda values. With λref denoting the reference lambda used to calculate the ignition delay map, the lambda interval that ranges between λref−0.15 and λref+0.10 was investigated. The analysis of the experimental data clearly shows that the effect of lambda deviations can be modeled as a gain that multiplies the ignition delay calculated at the reference lambda value (i.e., the one obtained by interpolating the map reported in Figure 3). The experimentally identified τm deviation caused by the AFR variations is reported in Figure 4.



The discussed offline processing allows for identifying all the main correlations necessary to determine the estimated ignition delay for engine cycles with standard combustion (no pre-ignition event). Based on the abovementioned correlations, a real-time estimator of the ignition delay was implemented in the ECU. This estimation algorithm consists of the following three steps:




	
Calculation of the pressure and temperature in correspondence with the spark angle through Equations (5) and (6) (once the pressure and temperature in the intake manifold have been measured);



	
Interpolation of the base ignition delay map (Figure 3) characterized at the reference lambda value;



	
Estimated ignition delay correction based on lambda deviation with respect to the reference value (the base ignition delay is multiplied by Kτ, i.e., the output of the map reported in Figure 4).








The procedure discussed above can be used to obtain a robust real-time estimation of the ignition delay (τe). Figure 5 shows, as an example, the result obtained during one acceleration performed with the 2017 engine in the Monza circuit (Cylinder 1, out of Turn 2).



The results reported in Figure 5 demonstrate that the presented approach is suitable for performing accurate real-time estimation of the ignition delay. Once the ignition delay model was set up, the estimated model could be used for the diagnosis of pre-ignition events.




2.3. Pre-Ignition Detection


The discussed ignition delay model provides accurate real-time estimation of that quantity in all operating conditions. Therefore, the output of the model can be compared in real time with the ignition delay calculated from the combustion indices through Equation (2).



In this approach, the strategy for real-time pre-ignition diagnostics compares the measured ignition delay with a calibrated percentage of the modelled delay: when τm becomes smaller than the calibrated threshold (proportional to τe), a pre-igniting cycle is diagnosed. As a matter of fact, pre-igniting cycles are characterized by extremely short (or negative) ignition delays not compatible with the time necessary to activate the combustion process using the spark plug.



To clarify how the detection algorithm works, Figure 6 reports an example in which one abnormal combustion is detected when the measured τm becomes smaller than 50% of the estimated τe.



As can be observed, the algorithm for pre-ignition detection captures the occurrence of the abnormal combustion by performing a real-time plausibility check of the ignition delay. In the reported case, the abnormal combustion was due to the degradation of a spark plug, which produced a hot spot in the combustion chamber. Further investigations clarified that the presented algorithm detected the occurrence of a problem related to the spark malfunctioning, which would have probably led to runaway pre-ignition and engine failure.



In the case shown in Figure 6, acquired while the engine was running in a test cell, no failure occurred because the engine was immediately stopped. However, since unexpected pre-ignitions might occur while the engine is installed in the vehicle and managed by the driver, failures can be avoided only by implementing a proper strategy that, based on the information provided by the detection algorithm, modifies the standard control strategy to mitigate the occurrence of pre-ignition events.





3. Recovery Strategy for Real-Time Engine Protection


Once the whole strategy for real-time detection of pre-igniting cycles was set up, the second step of the work consisted of the development of an automatic recovery strategy for engine protection. When the occurrence of pre-ignition events is detected, the goal of such recovery is (when possible) to mitigate the probability of runaway pre-ignitions, which usually cause catastrophic engine failure.



Even though it is not always possible to avoid failures, especially those due to mechanical problems, the presented strategy aims at keeping under control abnormal combustion which is dangerous for engine reliability over time. This is extremely important in motorsport applications because it allows running the engine in safe conditions (stopping the engine during a race would not be acceptable) with slight performance degradation (automatically applied by the controller).



To set up a proper recovery, it is first necessary to identify the main control parameters that allow us to reduce the pre-ignition probability. As many works have demonstrated [22], in the case of pre-ignition events, the best way to avoid runaway occurrences is to rapidly reduce the engine load. This is usually effective when the auto-ignition is due to a hot spot, because load reduction also reduces the amount of heat transferred to the cylinder walls.



The main drawback related to load reduction is obviously the simultaneous reduction of engine power, which is the key performance parameter in motorsport applications. To minimize engine performance degradation, in the case of pre-ignition events, the presented strategy reduces the load only in the cylinders where the abnormal combustion actually took place, while the other cylinders keep running in nominal conditions. It is important to highlight that, due to the engine architecture, load reduction in a single cylinder is not feasible at constant λ because the amount of fresh air cannot be controlled cylinder by cylinder (no variable valve actuation system available). As a result, the only way to reduce the load of a single cylinder is to perform a temporary fuel reduction and accept running the cylinder at a leaner lambda (with respect to the optimal value). In this scenario, the most critical aspect to be managed is that SI combustion can be kept stable only in a certain λ range; therefore, the fuel reduction to be applied to limit pre-ignition occurrence will be limited by the maximum acceptable air-to-fuel ratio. With regard to the engine under study, an 8% increase in the air-to-fuel ratio is the maximum acceptable deviation with respect to the reference λ to avoid misfires.



To avoid runaway pre-ignition, the controller monitors a buffer of 50 cycles (one buffer per cylinder), and puts into practice a different recovery strategy according to the number of pre-ignitions diagnosed in that buffer:




	
First level of recovery: If one pre-ignition event is diagnosed in one cylinder, a 5% fuel reduction is applied to the fuel injected into that cylinder (reduction applied for a tunable number of cycles);



	
Second level of recovery: When one pre-ignition event is diagnosed and another event has already been diagnosed in the last 50 cycles, a further fuel reduction is applied (maximum fuel reduction limited to 8% to avoid lean misfires). The fuel reduction is kept active for a tunable number of cycles;



	
Third level of recovery: When a third pre-ignition event has been detected in the last 50 cycles operated by one cylinder, injection is cut (in that cylinder) for a tunable number of cycles, the goal being to cool the combustion chamber and reduce the temperature of the hot spots.








To clarify the above considerations, Figure 7 reports an example of recovery due to pre-ignition events. In this case, the implemented control strategy applies the first two levels of recovery. As can be observed, when the algorithm detects the first pre-ignition event, a 5% reduction in injected fuel is applied to that cylinder. Then, the occurrence of another pre-ignition event after 14 cycles (and therefore in the same monitored 50 cycle buffer) triggers a further 3% fuel reduction (i.e., an overall 8% reduction with respect to the nominal fuel target).



The developed strategy proved to be effective in diagnosing pre-ignition events and limiting the occurrence of runaway abnormal combustion, i.e., guaranteeing engine reliability with a limited reduction of engine performance.



This strategy, developed over the past years, has been implemented in the engine control units of the Ferrari engines used for Formula 1 applications (provided to Ferrari and customers) and is currently used in both dyno and track applications.




4. Conclusions


In recent years, the concepts of downsizing and boosting have been intensively investigated to maximize power and efficiency in modern SI engines for either standard or motorsport applications. Unfortunately, supercharged engines might suffer from abnormal combustion processes, especially knock (end-gas auto-ignition) and pre-ignition (uncontrolled ignition due to hot spots inside the combustion chamber), which potentially lead to uncontrolled combustion processes. Both abnormal combustions are characterized by impulsive energy releases and high pressure peaks, which might lead to engine degradation and failure.



This work focused on the pre-ignition investigation which was carried out on the Ferrari engines used in Formula 1. In this application, the engines are equipped with one pressure sensor per cylinder (all processed by an on-board indicated system); therefore, both ignition and injection can be adjusted based on the combustion indices calculated in real time from the in-cylinder pressure traces. In this scenario, we developed a model-based control strategy which detects pre-igniting combustion by comparing the measured ignition delay (calculated through the analysis of the in-cylinder pressure trace) with the output of an ignition delay model (identified through specific experimental tests and stored in the ECU).



Once the occurrence of pre-igniting cycles has been diagnosed, the strategy triggers an automatic recovery process for engine protection, the goal being to mitigate the probability of runaway pre-ignitions. Based on the number of pre-ignition events diagnosed in a calibrated buffer of cycles, the strategy performs a proper reduction of the injected fuel (such a reduction is applied only to the cylinder in which the pre-ignitions occurred). The obtained results demonstrate that the developed approach is suitable for diagnosing pre-ignition events and limiting the occurrence of runaway abnormal combustion.



The developed strategy for the diagnosis and control of pre-ignition events is currently implemented in the engine control units of all the Ferrari engines used in Formula 1. However, the presented approach is methodological and could also be applied to standard spark-ignited engines (with different architectures) used in common automotive applications.
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Nomenclature




	MFB
	Mass fraction burned



	RoHR
	Rate of heat release



	p
	In-cylinder pressure



	pBoost
	Boost pressure



	T
	In-cylinder temperature



	TBoost
	Boost temperature



	V
	In-cylinder volume



	θ
	Crankshaft angle



	τ
	Ignition delay



	τe
	Estimated ignition delay



	τm
	Measured ignition delay



	MFB10
	Angular position at which 10% of fuel burned within the cycle is reached



	SA
	Spark advance



	BDC
	Bottom dead center



	TDC
	Top dead center



	BTDC
	Before the top dead center



	ATDC
	After the top dead center



	γ
	Specific heat ratio



	cp
	Specific heat at constant pressure



	cv
	Specific heat at constant volume



	λ
	Air–fuel ratio



	λref
	Reference air–fuel ratio



	nEngine
	Engine rotational speed



	ECU
	Electronic control unit



	CAN
	Controller area network
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Figure 1. The in-cylinder pressure (a), rate of heat released (b), and mass fraction burned (MFB) shape (c) for an engine cycle run in partial load conditions, together with the calculated MFB10. 
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Figure 2. The in-cylinder volume normalized with respect to its maximum (a), estimated motored pressure (b), and estimated motored temperature (c) for a cycle run at full load. 
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Figure 3. Ignition delay at the reference lambda, mapped as a function of the estimated in-cylinder pressure (P) and temperature (T) in correspondence with the spark advance (SA). 
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Figure 4. Ignition delay correction based on the difference between the actual and reference lambda. 
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Figure 5. Telemetry data acquired during the second practice run of the 2017 Monza GP, measured vs. modelled ignition delay. 
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Figure 6. Telemetry data acquired during a long run operated in a test cell running the 2017 engine. The threshold for pre-ignition detection here equals 50% of the modelled ignition delay. 
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Figure 7. Telemetry data acquired during a long run operated in a test cell running the 2017 engine. The threshold for pre-ignition detection equals 50% of the modelled ignition delay. The first and the second detected pre-ignition events trigger 5% and 8% reductions, respectively, of the injected fuel with respect to the target injected fuel. 
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