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The Use of Piezoelectric Washers for Feedback Combustion Control

Abstract

The use of piezoelectric cylinder pressure sensors is very popular during engine testing, but cylinder pressure information is becoming mandatory also
in several on-board applications, where Low Temperature Combustion (LTC) approaches require a feedback control of combustion, due to poor
combustion stability and the risk of knock or misfire.

Several manufacturers showed the capability to develop solutions for cylinder pressure sensing in on-board automotive and aeronautical applications,
and some of them have been patented. The most straight-forward approach seems the application of a piezo-electric washer as a replacement of the
original part equipping the spark plug; the injector could also be used to transfer the cylinder pressure information to the piezoelectric quartz, in diesel
or Gasoline Direct Injections (GDI) engines.

The paper describes the features of signals acquired using piezoelectric washers, discussing possible applications, highlighting the factors which impact
the sensors accuracy, and proposing algorithms to compensate potential errors in the evaluation of combustion metrics. The sensors have been first
tested on a press, then in two different gasoline engines: a naturally aspirated V12 and a turbocharged 2 cylinders with Variable Valve Lift system
(VVL). Signals have been compared to those obtained with lab-grade cylinder pressure sensors, with particular attention to peak pressure, combustion
phase and knock intensity.

The main issue affecting the accuracy of cylinder pressure measurement using the piezoelectric spark plug washer is the effect of temperature variations
both on the force transmitted by the thread to the washer and piezoelectricity properties.

Introduction

The use of piezoelectric cylinder pressure sensors is very popular during engine testing in order to get the most accurate information on the combustion
process. This is particularly helpful to complete the control system calibration, with the aim of minimizing pollutant emissions and optimizing
performance and fuel consumption.
However, stricter regulations on emissions [1-2] are making unsatisfactory the mere ‘open loop’ approach on combustion provided by conventional
engine control systems. Typical problems regard the compensation of part-to-part variations, aging and wear of the power unit components, as well as
the adaptation to environment condition (humidity, variation of the fuel properties, etc.).
The cylinder pressure information would allow to compensate for these effects thanks to combustion metrics such as Indicated Mean Effective Pressure
(IMEP), angular position corresponding to 50% of mass fuel burnt (MFB50), etc. that would be easily evaluated based on the pressure trace.
Furthermore, the cylinder pressure information is mandatory in several combustion systems, like Low Temperature Combustion (LTC) which are
gaining a great interest for their capability of giving good performance in terms of efficiency and low pollutant emissions [3-5], compared to
conventional combustions (SI, CI). The implementation of such combustions systems, however, is possible only with a feedback control based on
combustion metrics, due to poor combustion stability and the risk of knock or misfire.
Several manufacturers showed the capability to develop solutions for on-board cylinder pressure sensing, both in the automotive and aeronautical
industries and some of them have been patented [6-10]. Most of the solutions for the estimation of cylinder pressure are based on indirect approaches.
This choice is twofold:

1. there is no need for a direct access to the combustion chamber, which prevents complex machining operation;

2. the sensor doesn’t need to operate in a high pressure and temperature environment, making it possible to use cheaper materials and

constructive solutions.

To the present day, the typologies of sensors used or investigated for indirect measurements of the cylinder pressure can be grouped in 4 categories,
based on the effect used for pressure estimation.

Accelerometers are used to trace the engine block vibration: only high frequency information concerning phenomena taking place inside the combustion
chamber can be detected. Insights on the combustion process can gathered using this type of sensor: its use is common for knock detection, although it
has been proposed also for the determination of combustion phase (MFB50) and pressure peak location ([11, 12]). A high-quality determination of the
entire pressure bell is less plausible. Furthermore, due to the fact that many other forces act on the engine block, the signal to noise ratio is low, and the
cylinder pressure signature is not always recognizable in the signal.

Crankshaft speed fluctuations detected using encoders or Variable Reluctance or Hall effect sensors have been used for a long time in On Board
Diagnostics (OBD) or torque control applications: the application of Newton’s second law discloses the relation between indicated torque (which is
related to cylinder pressure) and crankshaft instantaneous speed, and the approach based on the analysis of the speed signal is appealing, since it does
not require additional sensors. Most of the applications, however, are focused on Boolean outputs: the misfire diagnosis, for example, is carried out to
verify whether the combustion had take place or not. Other more sophisticated analysis ([12, 13]) are aimed at the determination (cylinder by cylinder)
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of combustion metrics such as MFB50 and indicated torque. Besides a lower accuracy with respect to direct measurements, the main issues are related
to the sensitivity of crucial parameters to driveline components (stiffness and damping which depend on the inserted gear) and ageing. The estimation
of combustion metrics is also sensitive to engine speed and load: typically, the higher the engine speed (or the lower the load), the lower the
reconstruction quality. Other work in the literature ([14]) go further, and try to reconstruct the pressure trace, based on instantaneous engine speed: the
quality and robustness are not comparable with direct sensing.

The third approach to the estimation of combustion characteristics is based on acoustic emissions measurements: microphones can also be used to
assess combustion metrics [12, 15-16]. As for the information gathered from the block vibration, pre-processing algorithms are required to isolate the
useful content from the background noise (mechanical noise, road surface): usually, this leads to loose a consistent part of the information, leading to
interesting results only in the high-frequency domain (knock detection).

Finally, force transducers (piezo-electric washers, instrumented gaskets or stud bolts) have been proposed for cylinder pressure sensing: the forces
acting on the engine head may be partially related to the pressure of the gases inside the cylinder. Although other significant disturbances (pre-load and
thermal drift) impact the forces transmitted through the engine components, the contribution of cylinder pressure is significant. This idea is mainly
implemented based on two approaches: one consists in the instrumentation of the head stud bolt [17-18], the other in the use of piezo-electric washers
[19-22]. These methods, compared to those analyzed previously, permit a more “direct” measure of the cylinder pressure, but they have some issues.
The force acting on the stud bolt is affected by each cylinder pressure, thus this methodology requires a decoupling algorithm to isolate the effects
related to the combustions taking place each cylinder. The installation of the washer could entail a different protrusion of the spark plug in the
combustion chamber, if its height is different from the standard one. Similar considerations apply to other approaches that can be found in the literature
[23-24], placing the sensors in different positions.

The present paper focuses on the application of a piezo-electric washer as a replacement of the original part equipping the spark plug; the injector could
also be used to transfer the cylinder pressure information to the piezoelectric quartz, in diesel or GDI engines.

Piezoelectric Washer and Experimental set up

In order to test the actual possibility to use a piezo-electric washers to measure the cylinder pressure, a prototype version of the sensor (Figure 1) has
been developed. Two washer sizes have been manufactured: one compatible with M10 Spark plugs, the other for M12 threads.

In both cases, the sensor was made of a ceramic piezoelectric ring (characteristics reported in Table 1) contained between two sheets of printed circuit
boards (PCB) containing the contacts for the connection of a coaxial cable transmitting the washer signal. All the pieces were connected together with
epoxy resin.

Figure 1 CAD drawing of our piezo-electric washer prototype.

In order to mount the sensor on the engine, the only operation needed was to replace the original spark-plug washer with the instrumented one without
any need for machining or other modification on the engine.

Table 1 Characteristics of the piezoelectric quartz used for the prototype

Density 7.8 g/cm3

Curie Temperature 350°C

Piezoelectric Charge Coefficient 400*1012C/N

Elastic Compliance Coefficients 20.7*%10"2 m¥N
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Static Compressive Strength 600 Mpa

Before acquiring the washer output with a data acquisition system the signal has been amplified by means of a charge amplifier: like a conventional
cylinder pressure sensor, the piezoelectric washer outputs a charge signal that is usually converted to voltage before the analog to digital conversion.
The only difference with a standard pressure sensor was a much higher sensitivity (in the range of 450pC/bar), which required to adjust the charge
amplifier input stage. The reference sensor (Kistler 6052A) had a sensitivity of 18 pC/bar.

Indicating System Standard Charge Amplifier

Lab-grade pressure sensor

N

Piezo-electric Washer

Modified Charge Amplifier

Figure 2 Layout of the measurement chain used in our test

Figure 2 shows the measurement toolchain: mASTRO charge amplifier and OBI-M2 indicating system by Alma Automotive were used for signal
conditioning and acquisition.

In order to estimate the sensor sensitivity, the prototype was initially tested on a press. Several preload, range and frequency settings were tested, giving
an estimate of the maximum charge output corresponding to the target maximum pressure (200 bar). Figure 3 shows the sensor response during the
load cycles.

Load‘Cycles with Span: 0.8kN, Frequency: 20Hz and differents preloads
%10

T T T T T T T

Preload: 14.5 [kN]
Preload: 10 [kN]
Preload: 5 [kN]

©
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- -0.8 -0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1

Force measured by the Press LoadCell [kN]

Figure 3 Result obtained from the tests made on the Press machine.

Once the sensitivity of the piezoelectric washer was roughly estimated and the charge amplifier was adjusted, the sensor was tested on two different
engines: a naturally aspirated V12 and a turbocharged 2 cylinders with VVL, whose characteristics are reported in Table 2.

In both the test campaigns the piezo-electric washer and standard cylinder pressure sensors were mounted on the same cylinder, in order to compare
the two signals. The aim of this comparison was to highlight the differences both in the pressure trace and in the combustion metrics based on the

information coming from the two sensors.
Table 2 Engine tested with the piezo-electric washer
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Engine 1 Engine 2
Strokes for Cycle 4 4
Geometry 2 cylinders in line V12 cylinders
Type Gasoline PFI, supercharged Gasoline PFI, Naturally aspirated
Displacement (cm?) 875 6465
Stroke (mm) 86 76
Bore (mm) 80.5 95
Compression Ratio 10:1 10.4:1

The main goal was to obtain from the piezo-electric washer the most accurate estimation of those indexes that may be considered crucial for combustion
feedback control.
The quantities that were investigated are:
1. Intake Valve Closing angle detection.
Knock Determination (MAPO)
Combustion Phase (MFB50)
Peak Pressure (Pmax) and Angle of Peak Pressure (aPmax)
Indicted Mean Effective Pressure (IMEP)

whkwo

The possibility of an estimation of all these metrics has been shown in several papers available in the literature [19-20] and several algorithms have
been proposed in order to strengthen the estimation of these metrics [22, 25].
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Figure 4: superimposition of reference sensor and washer sensor raw signals. Engine 2, 15.2 bar IMEP @7500 RPM.
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Figure 5: washer and reference sensor signals. The effects of exhaust and intake valve closing are highlighted. Engine 1, 9.6 bar IMEP @ 2900 RPM

The first tests on the prototype sensor brought out several issues of the piezo-electric washer which make the determination of the combustion indexes
nontrivial. As it can be seen in fig.4 the signal of the prototype is marked by higher noise, in comparison with the conventional cylinder pressure sensor.

Furthermore, the instrumented washer signal showed a major drift tendency in comparison with the reference sensor. For this reason, the piezo-electric
sensor required to decrease the charge amplifier time constant down to 470 ms, while for the pressure sensor, both the baseline setting (40s) or the drift
compensation option proved to be acceptable. Due to this, the piezo-electric washer signal high-pass frequency is higher, which brings distortion in the
lower frequencies range. Even with the use of the lowest possible time constant, the signal still presented a slow drift of the DC component, impacting
the peak pressure determination.

This is the main issue affecting the accuracy of cylinder pressure measurement using the piezoelectric spark plug washer: the cause is likely related to
temperature variations, affecting both the force transmitted by the thread to the washer and piezoelectricity properties [19, 22, 25].

Despite this criticality, Figures 4 and 5 clearly show that the signal of the piezo-electric washer leads to a pressure bell strongly related to that obtained
from the lab-grade sensor. The same figures, however, show another downside of the washer raw signal: despite a strong similarity in the compression
stroke, the two signals diverge during expansion stroke, where the washer sensor signal is systematically higher compared to the reference sensor.

In the followings the results obtained in the first tests on the prototype sensor will be discussed, presenting the algorithms used to optimize the
information given by the piezo-electric washer, with the aim of maximizing the combustion metrics accuracy (i.e., minimizing the differences with
those determined using the reference sensor).

Intake Valve Closing Detection

The washer sensor information content has been first exploited to gather the Intake Valve Closing Angle (IVCA): the analysis has been carried out on
the data referring to the supercharged twin cylinder engine, which was equipped with a VVL system (TwinAir). Since the TwinAir system allows a
great flexibility in the management of the intake valve control, it is useful to have a feedback regarding the actual closing position of the valve. In fact,
the delay between the start/end of energizing and the actual valve opening/closing is influenced by several factors (engine speed, oil viscosity, which
is mainly related to the lubricant temperature [26]), thus the open loop control may lead to suboptimal results. For these reasons, an algorithm using
the washer sensor signal to determine the inlet valve closing angle has been developed.

The impacts of the intake and exhaust valves closing on the engine head cause spikes on the washer signal, that are clearly visible in figure 5. Since
the exhaust valves are managed with a conventional mechanical camshaft system, while the intake valves are controlled by means of a system allowing
lift and timing control, an algorithm has been developed to trace the intake valve closing. The approach has been tested in transient conditions, where
the Intake Valve Closing Angle can be varied dramatically, and the estimated IVCA has been compared with the VVL system actuation.

The impact of the valve on the seat is usually visible in terms of high frequency noise also on the cylinder pressure signal. However, this signature is
usually clearly visible only at high engine speed. On the contrary, the washer signal carries the effect of the valve thrust on the head even at low speed.
In this case, a single step, corresponding to the closing event, can be observed in the signal. In any case, the valve closing has an impulse effect on the
washer signal, exciting all the frequencies. To improve the detection of the impulse first of all the signal is high-pass filtered (3.5kHz), so that all the
phenomena marking the low frequencies range, including the combustion, the compression, the expansion and also the temperature-related drift, can
be excluded. The absolute value of the high-pass filtered signal is then analyzed, within a window whose angular position is defined according to the
VVL system actuation: the Start Of Energizing (SOE) and End Of Energizing (EOE) angles may be used to set the angular window where the IVCA
should be searched for.
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A possible cause of error in IVCA detection could be the signature of the intake valve opening: due to the large variations of Intake Valve Opening
(IVO) and Intake Valve Closing (IVC) angles, attention must be devoted to the window choice, avoiding the inclusion of the IVO signature on the
signal. A wrong window choice may end up in detecting the IVO instead of the IVC.

In the detection algorithm whose results are shown here, the end of the searching window has been determined as the angle of EOE plus a fixed offset.
The start of the searching window has been chosen as the maximum between the SOE and the EOE, added with two different (speed-dependent) offsets.
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Figure 6: window for IVCA detection. Engine 1, 6 bar IMEP @4000 rpm

Figure 6 shows the filtered signal, where both IVC and IVO effects can be observed: the window analysis is set after the IVO event, according to EOE
and SOE values, also taking into account the actual engine speed. Generally speaking, an open loop model, able to determine the expected value of
IVCA, is helpful to avoid misdetections. In the present case, the model is extremely simple, and the angular window where IVC is searched for is wide
(approximately 200 degrees).

Figure 7 shows the results obtained in a transient test: the first plot compares the VVL system End Of Energizing and Start Of Energizing traces with
the detected Intake Valve Closing angle. The relationship between EOE and IVC values is further explored in the second plot, showing the difference
between the two angles. The lower plot shows the trend of engine speed.
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Figure 7: results of IVC angle detection. Engine 1, operated varying both engine speed and load. Load varied between 4 and 12 bar IMEP.

The algorithm proved to be stable in all the tests that were performed, even in highly transient conditions: Figure 8 shows the results obtained in one
of such tests.

Overall, the washer proves to be a viable solution for the determination of the instant (or angular position) when events leaving a mechanical footprint
on the head take place.

Although the actual valve position was not measured, the results are consistent with the actuations, as figure 7 and 8 show. The same approach, applied
to track the exhaust valve closing angle leads to repeatable evaluations (as expected, given that the exhaust valves are managed by means of a
mechanical camshaft system): the average value is -311 deg, with a standard deviation of 0.4 degrees. The average value is consistent with the cam
profile (evaluated experimentally) leading to the valve lift diagram shown in figure 5.
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Figure 8: results obtained in highly transient conditions (with induced misfires)
Determination of Knock Intensity

As previously mentioned, part of the work has been carried out on a naturally aspirated V12 engine: since some tests were performed in knocking
conditions, acquired data have been used to evaluate the knock detection capability of the washer, comparing its output with the cylinder pressure
sensor signal, both in knocking and knock-free operation. Knock intensity has been evaluated using the MAPO (Maximum Amplitude of Pressure
Oscillations) index: the index is evaluated as the maximum value of the filtered (high-pass or band pass) pressure signal, within a given angular window
(usually placed right after TDC). The same index has been used for the washer signal: in this case it will be mentioned as MAWO (Maximum Amplitude
of Washer signal Oscillations) for the sake of distinguishing the indexes evaluated using the two signals. The four tests whose details are reported in
Table 3 are significant knock-wise: tests have been performed starting from low-speed and low-load, rapidly increasing load, up to the target speed.
Once target speed was reached, spark advance was changed, changing MFB50 and knock intensity accordingly. As regards the MAPO threshold, it has
been conventionally determined dividing engine speed by a scale factor, equal to 1000. The running condition is considered knocking when at least 1%
of the cycles exceed the threshold: in other words, MAPO indexes referring to a given running condition are sorted and the intensity corresponding to
the 99t percentile is evaluated. The running condition is considered knocking when [27]

Speed
MAPQOyq > 2000 (eq.1)

Table 3 Description of the test analysed for the knock sensitivity assessment
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Engine LOAD
Test Number of Seed MFB 50
. . steady P TPS
identifier . [ °ATDC
state points [RPM] pos] [ ]
Test 1 1 7500 100% 9
Test 2 5 7000 100% 9,7,5,3,4
Test 3 4 6500 100% 8,6,4,3
0,
Test 4 6 7500 100% % Zl’ 55’ 2

MAPO and MAWO indexes were compared with the aim of assessing the washer performance in the determination of knock intensity for a given
running condition: the assessment has been done based on the inverse cumulative distribution curves (percent point functions [28]), not on single cycles.
Figure 9 shows the cumulative MAPO and MAWO curves for the four tests reported in table 3. Although the trends are qualitatively similar, a difference
can be noticed: MAWO distributions reach a higher knock intensity (high percentile range) and are affected by higher baseline noise (lower percentiles).
It is possible to point out that, while the inverse cumulative distribution of MAPO is flat, boosting to very high intensities only for a few cycles, the
increase in MAWO distributions is more progressive. A deeper analysis leads to evaluate that MAWO values are approximately two times higher than
the corresponding MAPO indexes on the average, but the ratio is lower for high knock intensities. These observations bring to conclude that, with
regard to the assessment of knock intensity, the signal-to-noise ratio for the washer is lower than for the conventional sensor.

The analysis has been finalized evaluating a non-dimensional knock intensity index with the two sensors for all the running conditions, so that the
results can be directly compared, and the signal to noise ratio can be evaluated. The Non-Dimensional Knock Intensity (NDKI) has been defined as the
ratio of the intensity corresponding to the 99" percentile of the inverse cumulative distribution and the threshold value.

KI
NDKI = Fth (eq.2)
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Figure 9: Comparison between MAPO and MAWO distributions

As already mentioned, the threshold value has been determined dividing engine speed by 1000 for the MAPO. As regards MAWO, the approach has
been maintained, thus the threshold value is simply determined by scaling the MAPO threshold, with a scaling factor equal to 2.5.

Figure 10 shows the threshold values for all available tests (knock free and knocking operation).
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Figure 10: MAPO and MAWO thresholds

Using NDKI, knock intensities gathered with the two sensors can be directly compared: the running condition is considered knocking as the non-
dimensional index gets higher than 1.
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Figure 11 Comparison of the Reference and Washer NDKI

Figure 11 confirms that the washer provides a lower Signal-to-Noise Ratio (SNR), when compared to the pressure sensor: the relative knock intensity
is higher in knock-free operation, and lower for high knock intensities. However, it should be emphasized that when the engine is near the knock limit
(i.e., when NDKI is around 1, test 5 and 16) the two NDKI indexes are very similar. Furthermore, the trends shown in figure 11 are very similar,
meaning that the actions that a control system would take as a consequence of knock detection based on the feedback of the two sensors would be the
same. The fact that for high knock intensities (test 15) NDKI is lower for MAWO than for MAPO is not particularly significant, in terms of knock
detection, as the action of the ECU would probably be the same with NKDI reaching 3.5 (MAWO) or 5 (MAPO).

To sum up, the washer proves to be very well suited for knock detection applications, providing lower performance in terms of SNR when compared
to cylinder pressure sensors, but assuring the same detection quality when used for feedback control.

Combustion Phase Determination

The data acquired on the tests made on both the supercharged and naturally aspirated engines were used to check the washer sensitivity to combustion
phase. To do so, the determination of MFB50 (angular position where 50% of energy is released) has been investigated. Combustion metrics such as
MFB50 or MFB10 can be used for feedback combustion control, or pre-ignition detection ([3, 29]).

The data used for this analysis have been divided in two sets. The first set of data is relative to several tests acquired on the naturally aspirated engine.
All the tests were managed as described in the previous section, i.e., with a quick speed and load ramp at the beginning, followed by a steady state
lasting a few seconds, and finally a throttle shut down. The second dataset refers to the supercharged engine: also in this case the engine was operated
varying simultaneously engine speed and load.

MFB50 has been calculated with the same approach for the washer and the cylinder pressure sensor. First of all, the Rate of Heat Release has been
evaluated using the commonly used equation [30]:

dV(0)+ L-V(G)-dp(g)
do k-1 do

ROHR = ﬁ - P(6) - (€q3)

Secondly, the Cumulated Heat Release (CHR) has been calculated as the integral of the ROHR within a window containing the whole combustion
process: the start of combustion (6s0c) and the end of combustion (Beoc) angles have been set to 30° BTDC and 110° ATDC, rispectively.

CHR = [P°°°ROHR(0) - db (eq.4)

Osoc

The value of k has been held constant (k=1.3) for the evaluation of ROHR and CHR (equations 3 and 4).

The maximum heat released from the combustion (CHRmax) has been evaluated as the difference between the maximum and the minimum values
assumed by the CHR within the calculation angular window. Finally, MFB50 was determined as the crank angle ATDC where CHR reached half the
value of CHRmax.

Since both sensors are piezoelectric, the charge amplifier cuts the lower frequencies, thus the average value is recovered cycle by cycle [19-21]. The
so-called ‘pressure pegging’ conditioning affects the heat release curve. This operation for the pressure sensor can be done using several approaches:
in the present paper the well known polytropic methodology ([31]) has been used. The washer signal requires extra care, due to the high noise level in
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the compression stroke, as it can be seen in Figure 4. From this point of view, the availability of an intake pressure sensor, avoiding the use of the
polytropic method, is advisable.

Figure 12 shows the results of MFB50 calculations in two tests on the two engines: the values obtained with the washer and the reference sensor are
well aligned, even if some issues show up during extremely low load operations and with very steep load and speed transients: the high levels of noise
and distortion of the washer signal lead to relevant differences with respect to cylinder pressure based evaluations, under extreme conditions. The
analysis presented in the following (Figure 13) focus on slow transients and steady state conditions.
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Figure 12: MFBS50 evaluations based on the washer and cylinder pressure signals for the naturally aspirated V12 (upper plot) and supercharged engine.

In order to emphasize the actual information content of the washer signal, a simple model relating MFB50 evaluated with the washer and the cyinder
pressure signals has been setup: a second order linear model was sufficient to obtain excellent results in terms of correlation coefficient, with RMSE
in the range of 0.3-0.7 degrees. The higher standard deviation obtained for the tests carried out on the supercharged engine are related to the fact that
in this case the transients have been maintained in the dataset (all the engine cycles reported in the lower plot of figure 12 have been used): as a
consequence, the MFBS50 range is far higher.

Figure 13 shows the correlation plots for the two datasets. In steady state conditions or slow transients the evaluation of MFBS50 is reliable and
potentially suitable for on-board use. The future developments will be aimed at improving the behavior in fast transient and low load conditions: a
compensation of the signal distortion due to thermal effects will be necessary. A possible immediate improvement, however, may come from the
definition of a model using as input not only the raw MFB50 evaluation, but also other metrics, significant of the running conditions, such as Pmax, or
aPmax.
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Figure 13: correlation plots of MFBS50 evaluated with the reference sensor and with the washer, for the V12 (upper plot) and two cylinder engine.
Peak Pressure, Angle of Peak Pressure and IMEP determination.

This section of the paper presents the results obtained with the piezo-electric washer in the determination of peak pressure (Pmax), angle of peak
pressure (aPmax) and Indicated Mean Effective Pressure (IMEP). The determination of Pmax and IMEP based on the washer signal leads to higher
errors, if compared to the metrics presented in previous sections. The following figures show the results of the tests carried out on engine 2, but similar
outcomes have been obtained for engine 1.

Figure 14 and 15 show a typical scenario regarding Pmax and aPmax: the presented data refer to constant engine speed (7500 rpm) and transient load
conditions (11 to 15.5 bar IMEP) Figure 14 shows the correlation plot of aPmax and the absolute error (difference between aPmax evaluated with the

washer and the reference sensor). Figure 15 shows the correlation plot of Pmax and the percentage error, defined as:

Pmaxyef— Pmaxygsher

Percentage Error = =100 (eq.5)

PMmaxyes

Two considerations arise analysing the two figures: on one hand, the evaluation of aPmax derived from the washer signal is fairly accurate. This is not
surprising, considering the good results obtained on MFB50. The difference with respect to aPmax evaluated using the reference sensor is usually
within 1 degree, with a standard deviation lower than 0.5 degrees.
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On the other hand, the accuracy in the determination of Pmax is not as satisfying, with a percentage error ranging from +5% to -7.5% (Figure 15). The
Root Mean Square Error (RMSE) and percentage error for all the V12 dataset are 3bar and 4% respectively, which may be reduced to 2.2 bar and 2.8%
applying a simple model using the raw Pmax as input, as already done for MFBS50. Despite appearances, however, the trend of the percentage error is
not strictly related to Pmax or variables such as engine speed, meaning that it is not caused by gain variations with speed and load. The most likely
explanation is the washer response to heat flux: the reason why the output signal may be influenced by the heat transferred to the head is twofold. First
of all, as already remarked, the piezoelectric characteristics depend on temperature: in the literature [19-20] similar phenomena have been ascribed to
the pyrolytic effect. Secondly, the washer compression not only depends on the preload and cylinder pressure variation, but also on the differences
between the spark plug thread and the head nut temperatures [32].
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Figure 15 Pmax correlation plot with percentage error.

The two effects are particularly recognizable during steep load changes, which cause rapid variations in the components temperature: this is why in
figure 15 the error span is very wide in the range from 70 to 90 bars. The time constant of this effect may be related to the components mass and
materials, i.e., the time required to reach the equilibrium for the components average temperature.

A similar effect can be observed within the engine cycle: Figure 16 shows the superimposition of the washer and the conventional sensor traces: it is
evident that, beside a larger noise, the washer signal is affected by a distortion that increases where the gas temperature reaches the maximum value,
then it damps out as the exhaust valve is opened. While during intake, exhaust and compression the traces are superimposed, during the combustion,
the high temperatures and the relevant heat exchange through the spark plug and the head could generate an additional force transferred on the piezo-
electric washer. From this point of view, the force measured by the piezo-electric washer is composed of two contributions: one relative to the actual
cylinder pressure, the other due to the thermal stresses.
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The consequences of pressure overestimation in the combustion stroke are not limited to the errors on Pmax but are obviously extended to IMEP. The

raw evaluation of IMEP based on the washer signal leads to high errors: the RMSE for the entire V12 dataset is in the range of 7 bar (around 50% of
the average value). Applying a simple linear model using the estimated IMEP as input leads to an RMSE of 0.6 bar (4.5%).
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Figure 17: application of a linear second order model to the raw IMEP data evaluated with the washer: comparison with reference IMEP
The results can be further improved using more complex model formulations (e.g., using as inputs other information, such as Pmax, MFB50, engine
speed), which allows reaching an RMSE of 0.2 bar. These models, however, would probably be not able to guarantee the same level of performance
when applied to different datasets, since they do not catch the actual cause of inaccuracies: in order to remove the sensitivity to thermal transients both

on Pmax and IMEP, a model taking into account of thermal dynamics would be required. This could also have positive effects in the determination of
MFB50 in low-load conditions and steep load transients.

Conclusions and Future Development

This paper analyses the feasibility of using piezo-electric washers for combustion feedback control. Several combustion metrics have been evaluated
and compared with those obtained using a reference sensor.

Firstly, the possibility of using the washer signal for the intake valve closing position detection has been proven. The washer sensitivity to mechanical
stresses acting on the engine head allows defining straightforward algorithms to mark the angular position of impulsive events.

A second section is dedicated to knock intensity evaluation: although the SNR is lower with respect to what can be achieved using the reference sensor,
for the sake of keeping the engine within acceptable knock intensity, the output of the washer is extremely valuable.
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Another crucial information for control systems is the actual combustion phase: the evaluation of MFB50 leads to satisfying results in steady state
conditions and slow transients, while the evaluation in steep transients and extremely low load conditions requires further investigation. The evaluation
of the angle of maximum pressure (aPmax) gives similar results.

The main issues are found in the determination of Pmax and IMEP, that is addressed in the last section: the main source of error seems related to the
effect of heat flux. This phenomenon is twofold: on one hand, it deviates the trace from the reference when the gas trapped in the cylinder reach the
maximum temperature, leading to IMEP overestimation; on the other hand, it introduces a disturbance in load transients, affecting Pmax determination.

Future developments will deepen the study of heat flux effects on the signal, to design a compensation algorithm.
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Definitions/Abbreviations

aPmax Crank angle corresponding to the pressure
peak.

BTDC/ATDC Before/After Top Dead Center

CHR Cumulative Heat Release (CHRmax: maximum

value in the cycle)

CI Compression Ignition

IMEP Indicated Mean Effective Pressure

LTC Low Temperature Combustion

MAPO Maximum Amplitude of Pressure Oscillation

(reference sensor)

MAWO Maximum Amplitude of Pressure Oscillation
(washer sensor)

MFBS0 Angular position where the 50% mass fuel
burnt is reached

NDKI Non Dimensional Knock Index
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k Polytropic coefficient
KI Knock Index (MAPO or MAWO)

IVO/IVC/IVCA  Intake valve opening/closing (Angle)

GDI Gasoline Direct Injection

Pmaxyer maximum Pressure in an engine cycle using

Pmaxwasher the reference sensor/washer

RMSE Root Mean Square Error

SI Spark Ignition

SNR Signal to Noise Ratio

Speed Engine Speed

SOE/EOE Start (End) of Energizing of the VVL
actuation

TPS Throttle Positioning System

v Cylinder volume

VVL Variable Valve Lift system

0 Crank Angle
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