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Abstract

:

Spark ignition (SI) engines are often used as distributed power generation applications. They ensure quick deployment, cost effective electricity, and are a valid choice for back-up power. An essential aspect for small size engines is to improve control margins without increasing the number of sensors. It is not uncommon to employ fixed ignition timing for such power units, with so called wasted spark systems. These feature two spark events per cycle, one during compression and one during the exhaust stroke. On the other hand, ever more complex control systems are applied for this engine category in the search for better efficiency and lower emissions. Control of actuators that is phased with the working cycle could represent a significant advantage in this context. A method previously developed for identifying top dead center (TDC) phasing offline was applied as an algorithm capable of performing the required task while the engine is running. It is based on current measurements in the secondary ignition circuit of systems that feature wasted spark operation. Validation was performed on a 50 cm3 SI unit connected to a 1 kW power generator. Statistical distribution during sequences of 1000 cycles recorded at five different levels of load was used for testing TDC identification capabilities. Results were also compared to evaluations based on engine speed measurements. The overall TDC identification success rate of the proposed algorithm was found to be over 99.8%.
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1. Introduction


Technology is ever more reliant on electricity and distributed power generation is a valid option in this scenario. It can be deployment relatively fast and offers significant advantages for the owner, utility, as well as the end-user [1,2]. Small size spark ignition (SI) engines are straight forward applications in these situations, as the technology is cost effective, proven, and reliable; they are relatively easy to adapt to H2 fueling and this is another advantage that may bring significant benefits in a carbon-free future scenario [3].



One of the main characteristics of these small size units is that they feature a reduced number of sensors and actuators [4,5,6,7], mostly due to cost competitiveness aspects. New components are mainly developed for improved volumetric efficiency [8], better fuel atomization [9], use of alternative fuels [10], implementing direct injection [11,12], and turbocharging [13,14] for higher engine output. Improved efficiency and reduced emissions are facilitated by augmented control margins; for the specific case of small size engines, application of alternative sensors [15] and simplified variable cam actuation systems [16] contribute to cost effectiveness. This, along with other characteristics of this category of power units, requires careful evaluation when considering straight forward transfer of automotive based solutions [17]. Identification of various unwanted phenomena such as knock [18] and misfire [19] are often implemented as alternative detection methods that comply with the main requirements of reduced cost and contained system complexity. One particular aspect of combustion engines is that the crank angle needs to be evaluated as accurately as possible [20,21,22]. For control purposes, it is essential to at least distinguish between the two top dead centers (TDC) during the engine cycle (i.e., the firing TDC at the end of compression and the one between the exhaust and intake strokes). This allows sequential fuel injection to be implemented, with efficiency and emission benefits, as well as compatibility with direct injection [23]. Automotive applications usually employ such TDC identification algorithms through measurement of the instantaneous crankshaft [24] and/or camshaft speed [25], but in the specific case of small engines, this may not be as straight forward (e.g., crankshaft position sensors are not as diffused).



Alternative fuels are another important line of research in the field of combustion engines, and additives need to be carefully evaluated for obtaining optimal results [26,27,28]. Small size SI engines are often powered by bio-derived blends [29,30] or zero CO2 liquid fuels [31]. Natural gas and syngas are also used frequently [32,33], especially when low grade biomass is available [34]; this provides valuable local power with reduced cost end low emissions. Small SI units can ensure good performance even with energy sources that feature quite different properties such as hydrogen [35,36]. Providing improved control margins while containing costs can therefore be an essential aspect of using alternative fuels in small engines.



The goal of the current study is to implement a novel algorithm capable of identifying the firing TDC on a cycle-to-cycle basis through measurements of spark duration. It can be applied on many small size SI units that feature “wasted” spark operation of the ignition system and its main advantage is that there is no need for an additional sensor. Once the method was developed through offline data analysis of the secondary current readings, the algorithm was implemented as a LabVIEW virtual instrument application. It was tested and validated on a 50 cc SI unit that powered a single-phase AC generator; it was also compared to a method based on engine speed measurement. In-cylinder pressure measurements were used as means for verifying the actual TDC sequence. In light of implementing cost effective electronic control of fuel delivery (and thus ensure significant benefits with respect to fuel economy and emissions), the proposed method ensures a solid basis for sequential injection.




2. Materials and Method


Figure 1 shows the overall setup that contains a small size four stroke power unit attached to a 1 kW single phase 230 V AC generator. Table 1 also lists the main characteristics of the engine-generator assembly. Compared to the previous study that entailed developing the actual spark duration measurement method [37], engine load was extended at 0.0, 0.3, 0.5, 0.8, and 1.0 kW, and a module was added for online evaluations. All other conditions (e.g., commercial RON95 gasoline was used) were practically the same.



Secondary current measurements featured an accuracy of ±1% and were performed on a 50 Ohm resistance. The converted voltage signal was acquired using a device that featured an accuracy better than 2 μV at the ±10 V full scale. The data acquisition frequency was 50 kHz, equivalent to 0.48 and 0.62 deg crank angle resolution at the minimum and maximum engine speed of 4000 and 5200 rpm, respectively. In-cylinder pressure data was recorded with the same device as for secondary current traces and featured an accuracy of ±1% (given by the piezo-electric transducer and amplifier chain); the resolution was 0.5 deg. The charge amplifier was operated in cyclic reset mode and no pressure referencing was performed.



Besides the PCIe6361 (National Instruments) data acquisition card (DAQ) used for recording the secondary current and in-cylinder pressure traces, the PCI6143 board (National Instruments) was added for implementing the algorithm. The secondary current signal was routed to both DAQs, and the output of the algorithm was recorded with the PCIe6361 module.



Figure 2 shows the core of the LabVIEW code that was built as a virtual instrument (VI), with specific sub-components highlighted. Its basic operation entails reading an analog input (AI) channel and generating a square signal as a digital output (DO). The two tasks are running in parallel, and their synchronization is implemented through the flat sequence structure that contains the actual read and write components of the AI and DO tasks, respectively. This was necessary as the PCI6143 card can generate digital outputs only on demand (i.e., software timed). The user interface contains the stop button for ending the application, the enable/disable control that starts/ends the generation of the identification (ID) signal, a monitor for confirming synchronized data acquisition, as well as monitors for the odd/even state of the TDC ID, number of samples read each loop iteration, the shift with respect to the period between two spark events, and an XY graph that shows the acquired raw and filtered signals (a median filter with left/right ranks set at 2 was used for reducing noise effects, especially at the initiation of sparks).



The sample rate of the AI task was set at 50 kHz to ensure high enough accuracy of spark duration assessments and to allow engine crankshaft revolution velocity (rpm) measurements (e.g., the chosen frequency ensures an accuracy of around 0.2% at 6000 rpm). As a basic concept, the code starts with a certain number of samples N (shown as 10,000 in Figure 2) to be acquired each loop. The data analysis sub-VI identifies all the rising edges in the recorded waveform (with a threshold set at 0.1 V, equivalent to 2 mA secondary current [37]) and stores their index location in an array. If this array contains less than two locations, the number of samples is increased until meeting this condition; if instead the number is larger or equal to 2, then N is simply set at twice the period between the first two index locations; this new value is to be used for the next loop of data acquisition. This operation occurs within the synchronization sub-VI that also calculates a shift, taken as the difference between the first index and 1/4 the total number of samples. The data acquisition sequence starts with 1/4·N − 1 samples, continues with 1/2·N samples, during which the DO channel stays in the true/false state (depending on the odd/even value stored as the shift register), and ends with 1/4·N samples, during which the DO is switched to the false/true state, respectively. These samples constitute the waveform (built with the Append waveform function) that is analyzed for transferring the synchronization data required for the next loop. Additional samples (a minimum of 1 point) are acquired (but not recorded) for compensating for the shift calculated as previously described.



Besides the synchronization part, the data analysis sub-VI also outputs the duration of the two spark events it identifies each loop. Depending on the method used for TDC ID, these two durations are used directly or accumulated in an array, by replacing two out of the 200 values contained in the array. Three different operating modes were defined for the spark duration method: median, odd/even, and distribution evaluation. The first is basically the same as the previous study [37], but applied as an online evaluation; it simply compares the single spark duration with the median value of 200 events and classifies the first spark (of the two recorded during the loop) as below or above the median. The second mode compares the two spark events and assigns the shorter one as the firing TDC marker (thus the odd/even denomination). The third instead continuously evaluates the array that contains 200 spark durations and divides the odd and even events as below or above the median to impose the sequence of true/false or false/true to be written within the DO task.



Figure 3 illustrates average traces obtained with the third mode of operation that continuously evaluates the odd/even condition but requires 200 spark events to function correctly (and therefore does not feature true cycle-to-cycle capabilities). One immediate observation is that the spark ID trace is not a true square waveform signal. This is due to the fact that the graphs contain traces averaged over 200 consecutive cycles; even if cycle-by-cycle, the DO is a series of sharp rising and falling edges, the average clearly shows a jitter caused by the software. One reason for the jitter is the mode in which synchronization was achieved (i.e., by changing the number of acquired samples rather than true synchronous acquisition by using an external clock), and therefore, a certain shift is to be expected. Another reason is that as previously iterated, the PCI6143 card allows only on demand DO write actions, and therefore, depends directly on the actual CPU runtime. Nonetheless, the signal generated in this way was considered as more than sufficient for the purpose of the current work, i.e., to evaluate online firing TDC ID capabilities. To render the correlation between spark ID and in-cylinder pressure even more reliable, the integration window was limited to the −270..−90 deg aTDC crank angle range during the intake-compression strokes and to 0..180 deg aTDC interval during expansion-exhaust.



The data shown in Figure 3 for the two load points clearly illustrates that when correctly identified, the low side of the TDC ID signal is correlated with low in-cylinder pressure (below 1 bar), while its high side to increased pressure (between 1 and 5 bar for the idling condition and in the range of 2.30 bar at full load). It should be noted that compared to the previous study, no intake pressure data was available (and pressure pegging was simply set by taking the late part of the exhaust stroke, i.e., 270..360 deg aTDC, as 1 bar reference point), and therefore, absolute pressure features lower accuracy, but for the scope of the work it was considered as sufficient.



The 1.0 kW condition also shows a quite evident reduction of the spark duration during compression compared to the exhaust stroke (less evident for the idle point), which is the basis for the spark duration measurement method [37]. The actual duration was taken as the time period between the rising edge of the secondary current signal and the point when it falls below a certain value; this threshold was set at 0.1 V for both markers, equivalent to 2 mA secondary current for the present setup.



A similar principle was applied for measuring engine speed; the rpm method is based on the fact that during compression, the crankshaft velocity decreases, while during expansion, it increases due to the work performed by the expanding gas. It is well established in automotive applications [38] and can be successfully used for identifying several unwanted phenomena such as misfires [39], knocking [18], or even for reconstructing the in-cylinder pressure trace [40,41,42]. As a guiding principle, the same signal employed for spark duration evaluations was used for rpm measurements (i.e., the secondary current trace was used for measuring odd/even turns duration during each cycle) to ensure direct comparison with the developed method. Two modes were implemented: median and odd/even, with the same meaning as that previously described.



As already mentioned, data acquisition with the PCIe6363 DAQ was performed with a 0.5 deg crank angle resolution. In-cylinder pressure, secondary current, and spark ID signals were recorded during 200 consecutive cycles, with each set repeated five times. This totaled 1000 cycles for each load point, i.e., 0.0 kW at 4000 rpm, 0.3 kW at 4000 rpm, 0.5 kW at 4200 rpm, 0.8 kW at 4700 rpm, and 1.0 kW at 5200 rpm. As detailed in [37], the power-unit featured an inverter that allowed variable engine speed, depending on the electric load applied to the generator.




3. Results and Discussion


As an initial step, all four methods (i.e., rpm and spark duration, each in median and odd/even mode) were investigated at the outliers of the engine load range: idle (0.0 kW electric load, with the engine running at 4000 rpm) and full load (1.0 kW, at 5200 rpm). Once the methods that feature true cycle-to-cycle capabilities were identified, they were compared for all five load points that were investigated. Engine load was characterized by 1.35, 3.19, 4.74, 6.06, and 6.64 bar indicating the mean effective pressure (IMEP), with a coefficient of variation (COV) of 27.55, 5.32, 2.07, 1.82, and 1.49%, respectively for 0.0, 0.3, 0.5, 0.8, and 1.0 kW generator output.



The rpm-based method was taken as the benchmark, as it is often employed for indirect diagnostic (reduced hardware requirements). The peculiarity of its application in the current study is that only one point per turn is available for measuring rpm, i.e., each time a spark occurs. The spark duration method was developed by considering the observations found in [37] and improving its applicability by adding cycle-to-cycle capabilities.



One possible issue that was considered is that noise could affect evaluations. Figure 4 shows raw in-cylinder pressure and secondary current traces recorded during two consecutive cycles. There is an evident effect of noise at the point of ignition for the trace acquired during the 5th cycle. Applying linear interpolation for identifying the 2-mA threshold causes a slight overestimation of the spark duration by approximately 16 µs, even if the event is practically the same in terms of duration for both cycles. Nonetheless, the actual difference in the result is within the resolution of the measurement (20 µs at an acquisition frequency of 50 kHz), and therefore, no significant influence was exerted by signal noise. A median filter with a 5-point integration window was applied in the LabVIEW VI for further reduction of this effect.



3.1. Comparison of Different Evaluation Modes


The development phase of the spark duration method revealed that there is a certain distribution of duration that allows identifying the firing TDC by simply acquiring a set of 200 consecutive cycles, finding the median value, and using it as the threshold [37]. More to the point, spark events during compression tend to be shorter (and therefore below the threshold), while ‘wasted’ sparks are longer (and above the median threshold). A similar approach was implemented for the rpm method, meaning that engine speed tends to be lower during intake-compression, while the contrary is true during expansion-exhaust.



Figure 5 and Figure 6 show the results of applying the rpm and spark duration methods in the ‘median’ mode (the points are in-cylinder pressure-ID signal pairs obtained by integrating the two traces during the windows indicated in Figure 3). An evident observation is that in idle conditions, the spark duration method provides much better results. Indeed, the rpm method featured over 24% ‘false IDs’. This was actually found to be correlated with the fact that engine speed was not that stable in this condition; COVrpm was close to 0.3%. At first glance this value seems to be relatively low (values as high as 1% are not uncommon for such smalls size power units [43]), but when comparing it to the COV of around 0.15% recorded at the 1.0 kW load, it becomes evident that there is a significant difference. This practically meant that a large portion of the recorded cycles featured an average rpm below the threshold and the corresponding expansion-exhaust strokes were erroneously identified as intake-compression events, given that their rpm was below the median value.



The contrary was found for the full load condition, for which the count of false IDs was 0.1% when using the rpm-based method and 2.1% for the spark duration procedure. This is the result of improved engine speed stability (due to higher combustion repeatability, as well as the fact that engine speed increased from 4000 to 5200 rpm, thus resulting in better distinction between intake-compression and expansion-exhaust strokes), and on the other hand, in more extensive effects of turbulence on spark duration (thus yielding wider dispersion of the spark parameter).



Nonetheless, one of the main conclusions is that neither of the two methods can be used as true cycle-to-cycle evaluation methods. Even if its application is relatively straight-forward (setting a threshold once the median value is identified), it still requires a set of certain number of cycles to be recorded (the larger the number, the more the threshold is statistically robust) and may not give the intended results in certain operating conditions (e.g., high COVrpm or increased turbulence). For this reason, an alternative approach was considered. Figure 7 shows the intake-compression/expansion-exhaust rpm and spark duration recorded during a sequence of 20 consecutive cycles (please note that at the 1.0 kW load, the actual average engine was slightly over 5150 rpm, but for easier identification, the 5200-rpm denomination was preferred). Two values are shown for each cycle (odd/even), and it is quite evident that for both cases, there is a high/low rpm and spark duration. This is true for all 20 cycles, even if the median threshold (shown as dashed lines) does not clearly divide the two categories, especially at 4000 rpm (further highlighting the reason behind the distribution observed in Figure 5). Slightly wider dispersion of compression sparks is also evident (emphasizing the explanation previously iterated for the results illustrated in Figure 6).



Based on these observations, it was inferred that working on an odd/even turn basis could provide the cycle-to-cycle capability with increased reliability. More to the point, a simple condition of rpmi > rpmi−1 and sparkdurationi < sparkdurationi−1 could be implemented to correctly identify the firing TDC as event i, without the need for acquiring a certain sequence of cycles and performing a statistical analysis.



Figure 8 and Figure 9 show the results obtained by applying this odd/even approach for 0.0 kW and 1.0 kW load. It is immediately evident that the distribution is much more favorable, with the rpm method showing 100% reliability for the 1000 cycles recorded for each condition; the spark duration method showed only 0.2% false IDs (two points in total, observed at 1.0 kW).



As an overall conclusion, it can be stated that the odd/even modes of applying both methods have good potential to ensure the correct TDC ID, with cycle-to-cycle capability.




3.2. Overall Performance of Odd/Even Evaluations and Low Sample Rate Effects


Given the results found in the previous sub-section, the two methods (rpm and spark duration) were implemented and scrutinized for all five load points. Only the overall rate of successful firing TDC ID will be discussed, without showing detailed results in terms of distribution. Figure 10 shows the results obtained by applying the rpm and spark duration-based methods. An excellent performance was recorded for the first procedure, with 100% reliability when evaluating firing TDC phasing based on measured rpm. Directly comparable results were also obtained with the spark duration method as well, with the lowest success rate at 99.8%. This translates in only two false IDs in a set of 1000 cycles. When hypothesizing port fuel injection control as in [37], this would mean that the benefits of phased fuel delivery would only be lost for two cycles out of 1000. This does not mean, however, that these two cycles would misfire (injection would still occur, but during the ‘other’ crankshaft turn, total injection time permitting), and therefore, for fuels such as gasoline, it would be of no real influence. For other energy sources, such as hydrogen, it could lead to backfire phenomena [35]. Further development to include fuels with such different properties with respect to gasoline could be an interesting line of research; the fact that H2 features much lower ignition energy may result in lower coil charge (and spark duration), and therefore, certain applicative aspects of the algorithm may have to be adjusted. Nonetheless, actual applicability should not be significantly influenced by fuel properties.



At a first glance, it would seem that the best option is to choose the rpm-based method. In the odd/even mode, it ensured 100% successful detection of the firing TDC for all five load points that were investigated. One possible drawback is that it requires high sampling rate for correct measurements. At 5200 rpm, the 50 kHz rate ensures an accuracy better than 0.17%, translated into a sensitivity of detecting engine speed variations of around 10 rpm; if instead a sample rate of 10 kHz would be used (still relatively high, but comparable to that usually obtained with a 58/60 tooth crank gear sensor at 6000 rpm), the sensitivity would be around 45 rpm. This would be at the very limit when considering the in-cycle rpm variation shown in Figure 7 at the 1.0 kW load; things would be even worse for the idle case, for which an achievable sensitivity of over 26 rpm would completely miss a large part of variations recorded at 4000 rpm.



For this reason, it was decided to test whether the spark duration method could work with lower sampling rate, such as 10 kHz. Figure 11 illustrates the difficulty of actually implementing duration measurements with such a low readout frequency (acquisition points are highlighted with cross symbols; they were randomly distributed to emphasize the effect of time-based data acquisition). Indeed, even with interpolation, the starting point of the spark event would be difficult to be determined; things are even worse as engine speed increases (note the wider crank angle spacing between 10 kHz symbols).



On the other hand, the specific triangle shape of the secondary current during spark discharge can be correlated to the actual duration of the event. More to the point, short sparks will feature a steeper slope of the falling current profile. In this way, the odd/even sparks can be compared by reading the index location and the value of two points and then calculating the correlated slope. As shown in Figure 11, the third point after the instance in which the secondary current exceeds 2 mA was chosen as the first reference for the slope (to make sure it will read the falling side), while the second location was taken after another four acquired samples. Figure 12 shows the overall success rates in identifying the firing TDC. For the three load points up to 0.5 kW, 100% was ensured; over this threshold, the percentage quickly dropped, as the sample rate did not ensure accurate results. Attempts were made to change the combination of the 1st and 2nd reference points, but results did not improve significantly. Nonetheless, given the fact that calculating the slope ensured good results for three out of the five load points with a 5-fold lower sampling rate could be an important advantage compared to the rpm method. Actual optimization of the sample rate with respect to rpm would also be an interesting line of development for the new method.



One other advantage of the spark duration method is that it can provide additional information with respect to rpm. A previous study demonstrated the capability of evaluating in-cylinder flow velocity based on spark duration measurements [44], and even if it can be applied only at a single point in the combustion chamber, it can ensure a valuable background for improving combustion control margins.





4. Conclusions


Spark duration measurements were applied for identifying the firing TDC in small size SI engines that feature ‘wasted’ spark ignition systems. Engine speed-based evaluations were taken as the benchmark for validating the proposed approach.



Implementing the simple condition of above/below a median threshold developed in a previous study, with data analysis of samples acquired at 50 kHz, was found to be compatible only with long term ID, i.e., after acquiring a certain number of cycles. The spark duration method performed better at low load and engine speed, while the rpm-based method ensured slightly better results at high load.



A new procedure was developed and implemented by running the analysis in odd/even mode to render it compatible with online determinations. One of the main conclusions was that the spark duration method can be applied as a cycle-to-cycle evaluation tool with TDC ID success rates of over 99.8%. While not as accurate as physical sensors (e.g., a camshaft position sensor), this value suggests very high reliability and is directly comparable with that obtained by implementing rpm based evaluations.



Furthermore, the spark duration procedure was found to be more reliable when performing measurements with much lower sample rates of 10 kHz. In addition to the main goal of correctly identifying the firing TDC, the new method can also be implemented for evaluating cycle-to-cycle variability of the local in-cylinder fluid velocity and thus further enhancing combustion control margins. Future efforts will focus on the development and implementation of a LabVIEW VI that merges the two benefits derived from spark duration measurements.
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Figure 1. Schematic illustration of the experimental setup and acquired/control signals. 
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Figure 2. Schematic representation of the LabVIEW code. 
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Figure 3. In–cylinder pressure, spark ID signal, and secondary current averaged over 200 consecutive cycles for idle (top) and full load (bottom) conditions. 
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Figure 4. Raw signals acquired during two consecutive cycles at the 1.0 kW load. 
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Figure 5. Distribution of the intake/expansion TDC ID signal and in–cylinder pressure for idle and full load conditions when employing the rpm method in median mode. 
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Figure 6. Distribution of the intake/expansion TDC ID signal and in–cylinder pressure for idle and full load conditions when employing the spark duration method in median mode. 
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Figure 7. Series of odd/even turn-based rpm (diamond symbols) and spark duration (round symbols) values recorded during 20 consecutive cycles; median values (calculated based on the entire set of 200 cycles) are also shown with dashed lines. 
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Figure 8. Distribution of the intake/expansion TDC ID signal and in–cylinder pressure for idle and full load conditions when employing the rpm method in odd/even mode. 
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Figure 9. Distribution of the intake/expansion TDC ID signal and in–cylinder pressure for idle and full load conditions when employing the spark duration method in odd/even mode. 
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Figure 10. Success rate of firing TDC identification for the rpm and spark duration methods in odd/even mode. 
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Figure 11. Illustration of sample rate effects on the points read during spark events. 
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Figure 12. Success rate of firing TDC identification for the spark duration method in odd/even mode with two different sample rates. 
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Table 1. Engine and generator specifications.






Table 1. Engine and generator specifications.





	Parameter
	Description





	Engine displacement
	50 cm3



	Bore × Stroke
	41.8 × 36 mm



	Net power
	1.6 kW @ 7000 rpm



	Compression ratio
	8



	Number of valves
	2



	Ignition
	fixed 30 deg bTDC



	Fuel system
	carburetor



	Generator rated voltage
	230 V at 50 Hz



	Rated electric power
	0.9 kVA (1.0 kVA peak)



	Voltage regulator
	Inverter—throttle connection
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