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Application of low-cost transducers for indirect in-cylinder pressure
measurements

Abstract

The aim of this work is to present the results achieved in the evaluation of combustion metrics using low-
cost sensors for the indirect measurement of cylinder pressure. The developed transducers are piezoelectric
rings placed under the spark plugs. Tests were carried out on three different engines running in various speed
and load conditions. The paper shows the characteristics of the signals generated by the piezo-ring sensors,
compared to those coming from lab-grade pressure transducers: focus is to assess the achievable accuracy
in the determination of frequently used combustion metrics, such as those related to knock intensity (MAPO),
combustion phasing (MFB1, MFBs, ...) and peak pressure. Despite some issues related to the variation in
sensitivity (temperature effect), to mechanical noise at high engine speeds, and to signal deviation from the
actual cylinder pressure trace in some portions of the engine cycle, the paper shows that combustion metrics
evaluated using low-cost sensors are meaningful to be used for combustion feedback control.

1. Introduction

In recent years, regulations have imposed tighter limits for pollutant emission, which are hazardous for
human health [1, 2, 3]. Furthermore, the introduction of Real Driving Emission (RDE) tests challenged vehicles
performance, forcing automotive makers to demonstrate emissions compliance over a variety of boundary
conditions such as temperature, altitude, and driving style [4]. Stricter regulations, along with the need to
reduce fuel consumption (hence CO2 emissions [5, 6]), pushed automotive manufacturers to investigate new
internal combustion engines technologies. In fact, the objective of these regulations for light duty vehicles
homologation is to push automotive manufacturers and Original Equipment Manufacturers (OEMs) towards
greener technologies (vehicle electrification [7, 8], hydrogen [9], alternative fuels [10]) in order to lower the
environmental footprint and, in the end, move towards a carbon neutral society.

Vehicle electrification is seen as perhaps the most promising option in order to drastically lower fossil fuel
consumption [11, 12]: however, as found in other research [13, 14] this should not be the only solution for
the reduction of CO,emissions. Furthermore, electric powertrains are still facing challenges related to:

e short operating range
e longrecharging time
e limited recharging station infrastructure

All these issues can be solved, [15] but switching from traditional vehicles (gasoline, diesel) to completely
electric powertrains requires time. For this reason, change is expected to be progressive, starting from the
development and spreading of hybrid [16, 17, 18, 19] vehicles as already seen today. This means that
combustion engines should still be present for at least the next 15 years [20].

In this scenario, in recent years research on Internal Combustion Engines (ICEs) has focused on “innovative
combustion techniques” [21, 22, 23]. This term includes different types of combustion (Gasoline Direct
Compression Ignition (GDCI) [24], Reactivity Controlled Compressed Ignition (RCCI) [25], Spark Assisted
Compressed Ignition SACI [26], Turbulent Jet Ignition (TJI) [27, 28]) which leverage different heat release
mechanisms, with respect to the traditional compression- and spark-ignition processes. The most interesting
characteristic of innovative combustion techniques is the capability of achieving higher efficiency and lower
pollutant emissions.

Another solution that is being proposed for the energy transition toward a carbon neutral society is the
development of synthetic fuels (methane [29, 30], hydrogen [31, 32], synthetic gasoline [33, 34]) to be used



instead of fossil fuels. The advantage of such fuels would be the possibility of capturing CO, from the
atmosphere or industrial processes during the production phase [29, 30, 31, 32] and the possibility of storing
large amounts of energy during peaks of production of renewable energy plants. In fact, part of the surplus-
energy generated during production peaks cannot be efficiently stored in batteries. in addition, synthetic
fuels are characterized by high energy density (especially when compared to batteries), making them perfect
energy carriers.

Hydrogen is one of the most promising candidate energy carriers for the energy transition from fossil fuels
[35, 36]. One of the possible hydrogen applications is its use as fuel for ICEs. Hydrogen, in fact, is compatible
with traditional spark ignited engines with relative minor modifications [37, 38]. Both hydrogen and
innovative combustion techniques may exhibit more impulsive or unstable heat release, requiring feedback
control of the process: the sensitivity to factors like intake air temperature is such that a feed forward
approach would result in undesired effects [39]. Hydrogen combustion for example is extremely prone to
knocking phenomena in stoichiometric conditions [40, 41]. In order to bring the abovementioned
technologies (Low Temperature Combustions, hydrogen, etc.) on production cars, control of the combustion
process based on cylinder pressure information is vital [42, 43]. The major issue with this approach is chosen-
sensors costs: for this reason, in recent years, much research has been focused on the development of
methodologies for extracting useful combustion information from low-cost sensors.

Accelerometers installed on the engine block, generally used to evaluate the knock intensity, may also allow
to determine the maximum pressure angle, MFBso and diagnose misfire, then an appropriate "closed-loop"
control with such tools is possible [42]. However, due to unwanted mechanical noise the accuracy tends to
fall at high engine speed. Crank speed fluctuations detected by means of Hall effect or variable reluctance
sensors are used for misfire detection in on-board application, however it is also possible to determine
indicated torque and the MFBsp: once again, the estimation of the combustion metrics with such methods is
very sensitive to speed and load [44, 45]. Other approaches are based on the analysis of engine acoustic
emissions, but the need to isolate the useful content of the signal from the background noise, leads to
interesting results only in the domain of high frequencies [44, 46]. Detection of the force on cylinder head
components is another method to estimate the pressure inside the combustion chamber [47]. The most
common measurement devices position is under the spark-plug, in this way the force seen by the sensing
element is linearly related to the pressure inside the cylinder. However, these systems usually require the
processing of the engine head or the modification of the standard components present inside the engine [48,
49, 50]. Other configurations have been studied over the years [51].

The differences between the proposed sensor and other similar applications mainly consist in a very simple
design, making the assembling easier. The quartz machining allows small thickness, which is crucial to reduce
axial footprint. In [52], the authors showed the first results concerning the development of a low-cost sensor
in which the sensing element was a piezo electric ring placed beneath the spark replacing the series washer.
Here, the first part of the paper presents the design of a new prototype. The second part focuses on the
analysis of results obtained using these new prototypes on three different engines: performance is assessed
by comparing some of the most used combustion metrics evaluated via low-cost prototypes with those
obtained with lab-grade transducers. The following metrics will be considered:

e Combustion Angles (MFB1o, MFBsp).
e  MAPO (Maximum Amplitude of Pressure Oscillations) knock intensity index
e Peak pressure and Angle of Peak pressure.

These metrics were selected due to their more relevant applicability for closed loop controls. MFBgy, and
IMEP were missing because were more difficult to be estimated [52].



2. Sensor Description

The sensing parts of the sensor consist of a ceramic piezoelectric ring contained between two sheets of
Printed Circuit Boards (PCB) where the contacts for the signal cable are located. The cable is a single coaxial
cable with 1 mm diameter so as to avoid issues related to electrical noise. The necessary mechanical
sturdiness has been achieved by encapsulating the sensor stack in a metal case which keeps all sensing
components tied together, thus limiting the potential damages to the quartz parts during mounting and
dismounting operations. The case keeps inside the sensing elements thanks to an interlocking mounting and
the use of epoxy resin placed inside during the assembly operation. (Figure 1) The epoxy resin not only acts
as an adhesive, but also as an electrical insulator (electrical resistance greater than 10 Ohm-cm) greatly
improving the signal to noise ratio.

Figure 1. Example of Piezo-electric upgraded prototype. 1 upper case, 2 positive contact, 3 piezo-electric ring, 4
negative contact, 5 lower case, 6 signal wire.

Two versions of this prototype washer sensor were developed, compatible with M10 and M12 spark plugs.
The two versions were tested on three different gasoline engines, whose characteristics are reported in Table
1. A total of 312 tests were carried out on eddy current dynamometers manufactured by Borghi&Saveri,
running the engines in various operating conditions, with the aim of assessing the sensor capability of
estimating cylinder pressure, allowing the accurate evaluation of combustion metrics.
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Figure 2. Engine operating points tested on the test bench for the different engines.



Table 1. Characteristics of the engines tested using piezo-electric washer sensors.

Engine 1 Engine 2 Engine 3

Manufacturer Fiat Chrysler Automobiles | Ferrari Fiat Chrysler Automobiles

Strokes for Cycle 4 4 4

Geometry In-line, 4 cylinder V, 8 cylinder In-line, 4 cylinder

Type Gasoline GDI, | Gasoline GDI, | Gasoline PFI,
Supercharged Turbocharged Supercharged

Displacement (cm3) 1995 3990 1368

Stroke (mm) 84 88 72

Bore (mm) 920 82 84

Compression Ratio 10:1 9.5:1 9:1

Equipped Spark Plug mM12 M10 mM12

# Cylinders Equipped with | 1 3 1

Piezo-Electric Washer

Sensors

All engines were equipped with one or more piezo-electric washers, and cylinders equipped with washers
were also fitted with a high-precision pressure sensor, used as reference. For engines 1 and 3, the reference
sensor was integrated in a measuring spark plug, while for engine 2 standard M5 pressure transducers were
installed on a modified cylinder head. Figure 2 shows the operating conditions for the assessment of sensor
performance, on all engines. It must be highlighted that the engine load was normalized with respect to the
maximum IMEP value measured during the engine testing, while engine speed was normalized with respect
to the maximum allowed for each engine shown in Table 1.

Charge Amplifier

[pC/bar]
[V/bar] [pC/bar]
[pC/bar] Instrumented
Spark Plug

Combustion Piezo-Electric Cylinder Pressure
Analysis Washer Sensor
System

Ethernet Connection

Host Computer

Figure 3. Schematic of the toolchain used for the acquisition of all the cylinder pressure sensors.

Figure 3 reports a sketch of the toolchain used to acquire signals: a charge amplifier is used both for reference
and prototype sensors. Amplifiers add cost, which should be taken into consideration for cost-sensitive
applications: future tests will be dedicated to tackling this issue, by either developing a low-cost charge
amplifier, or by assessing quality of combustion metrics evaluated without the use of this component.

The following sections present and discuss on-engine results.



3. Prototype Sensor Signal

The present section focuses on the description of the washer signal characteristics.
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Figure 4. Comparison between the reference sensor and the piezo-electric washer sensor for the three engines. The
curves are normalized with respect to the maximum pressure peak measured with the respective sensor, so that
the maximum values for both sensors is coincident. Engine 1, single cycle at operating point: Engine Speed = 74.5 %
@ Engine Load = 47.5 % @ relative MFB50 = 0.1 °CA; Engine 2 (cylinder 6), single cycle at operating point: Engine
Speed = 81.25 % @ Engine Load = 90.9 % @ relative MFB50 = 4.21 °CA; Engine 3, single cycle at operating point:
Engine Speed = 61.55 % @ Engine Load = 40.9 % @ relative MFB50 = 4.6 °CA. Engine 2 (cylinder 6) P-V diagram
referring to average traces of 100 cycles (pressure in logarithmic scale) : Engine Speed average = 81.25 % @ Engine
Load average =90 % @ relative MFB50 average = 6 °CA .

Figure 4 presents the comparison between washer and reference sensor signals over a portion of an engine
cycle, for the three engines. The figure clearly shows that the piezo-electric washer is affected by a pressure
misestimation during the expansion stroke. This issue was already reported in [52], where an overestimation
of the cylinder pressure during the expansion stroke was observed. The data collected show that the
misestimation depends on the running condition, and the engine under test: while in engine 1 and 3 (M12
washer) pressure is overestimated, in engine 2 (M10 washer) it is underestimated.

The reason of this deviation may reasonably attributed to thermal effects [53]. This issue is critical, since it
greatly affects the evaluation of IMEP and Rate Of Heat Release (ROHR), and the corresponding combustion
metrics (MFB1o and MFBso ) as previously verified in [52].

Another issue affecting prototype sensor is variation of sensitivity, both in terms of part-to-part dispersion
and change with temperature. Figure 5 shows the normalized pressure traces obtained on three cylinders
for the same cycle. The normalization was carried out with respect to the maximum measured by the
reference sensor of cylinder 7. Comparing washer and reference sensor signals: it is clear that the three
prototypes have different sensitivities, while the maximum pressure peak detected by the reference sensors
is similar, that measured with the prototypes varies considerably from part to part.

Such dispersion can be partly explained by considering the prototypes manufacturing process which is not
optimized yet. The epoxy resin used to connect all the prototype parts is added by hand inside the sensors,



hence the quantity of resin that eventually remains inside the sensor could be different from sensor to
sensor, leading to a variation in stiffness, henceforth sensor sensitivity.
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Figure 5. Example of sensor linearization disparity on engine 2.

Furthermore, stiffness is sensitive to engine temperature: in Figure 6, ratio between peak pressure evaluated
with reference sensor and piezoelectric washer is reported against engine coolant temperature. Figure 6 also
shows that variations with temperature are far lower if the spark plug is tightened with a higher torque.
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Figure 6. Effect of coolant temperature and tightening torque on prototype sensitivity. Tests performed on engine 1
run in idle.

The impact of stiffness on sensor sensitivity can be explained by analysing the stresses acting on the
component with running engine. The piezoelectric washer is capable of measuring the pressure inside the
cylinder thanks to the interaction of two forces that are transferred from the threaded connection of the
spark plug to the piezo-electric washer. The first one is the tightening force generated during the mounting
operation of the spark plug. Slowly varying forces should be compensated by pegging and/or amplifier drift
compensation. Unless they change the sensitivity as may be the case here. The second force varies according
to the pressure inside the cylinder. The two forces have always opposed directions, since the action of the
gases against the spark plug tends to loosen the preload. Hence, the piezo-electric washer is sensitive to the
reduction of tightening force resulting from the action exerted by combustion pressure on the spark plug.

This interaction of forces can be described by the bolted joint diagram represented in figure 23.13 in [54].
The diagram shows on the y axis forces exerted on the threaded junction, while the corresponding strains of
bolt (spark plug) and joint (piezo-electric washer) are reported on the x-axes. At the end of the mounting



process, on both bolt and joint a preload force (F;) is exerted, stretching the spark plug and squeezing the
piezo-electric washer. The strains of the two elements are:

Fp
Ep

F

Where AL, and At; are bolt and joint deformation, F is preload force, Ex and E; are Young moduli of bolt and
joint, respectively. Figure 23.13 in [54] represents a situation in which an additional force is applied to the
bolt. In this case, the additional force is divided between the two elements and while the force applied to the
bolt increases, the joint is unloaded. So, the additional force is equal to the sum of forces that are applied to
bolt (AFs) and joint (AF):

F, = AF, + AF, (Eq.3)

Since strain variation (A8) is equal for the two elements it is possible to express the deformation as a function
of the additional load:

Fx

E; + Ep

F, = Ejx A5+ Ep * A8 - AS = (Eq.4)
The resulting tensile force acting on the spark plug is thus obtained by summing preload force and external
force:

Fy=AF,+ F, » Fp = F, + F *

Ev  pos
Eb+Ej(q')

The force on the joint (piezo-electric washer) can finally be determined as:

Ej
Fj = AFC— Fp g F} = Fx *Eb—+Ej_ Fp (EQ6)
Equation 6 allows to appreciate how forces conveyed through the threaded connection are heavily
influenced by the Young modulus of spark plug thread and piezo-electric washer. Young modulus is not
independent of material temperature [55, 56, 57, 58]. This is true for both washer, especially due to the
presence of resin, and thread, due to the intense heat flux and extreme temperatures: thread and sensor
stiffnesses may vary significantly. As Equation 6 states, changes in materials stiffness affect forces stressing
the sensor as a result of a given external force, i.e., the amplitude of the signal generated by the quartz for a
given cylinder pressure, which implies a change in sensitivity.

As next sections will show, the sensor allows to accurately evaluate combustion metrics, regardless of the
issues listed above.

4. Combustion Phasing Estimation

The first group of combustion metrics that was investigated can be referred to as “combustion angles”:
MFB10, MFBso, and Firing APmax Were taken into consideration.

MFB metrics indicate the crank angle positions where a given fraction of the fuel introduced in the
combustion chamber is burnt. Most frequently used combustion angles are:

o MFBjo: related to the start of combustion; it can be used to detect autoignition phenomena [59, 60].



e  MFBso: centre position of the energy release; crucial to optimize the combustion process, since it
synthesizes the effect of the reactions ignition and propagation. Best engine efficiency is reached
for a narrow range of MFBso, thus it is frequently used as a target for closed loop control approaches.
[42,43]

e The third combustion angle is the Firing APmax Which is defined as the crank angle position where the
maximum pressure is reached, within an angular window where the combustion takes place.

4.1.1 MFB31oand MFBso Estimation

The present section illustrates the results obtained in the determination of MFB1g and MFBso for the three
engines used during the tests. Combustion angles were evaluated using the same approach for the washer
and the reference sensors.

For both signals the ROHR is calculated via the well-known equation [61]:

dv(9) 4 1 V(o) dP(6) £a.7

_ —— % *— .
k=1 a0 k-1 a EaD
Then, starting from the ROHR the Cumulated Heat Release (CHR) is evaluated as the integral of ROHR within
an angular window containing the whole combustion process.

ROHR =

* P(0) *

19end

CHR = f ROHR(0) xdf (Eq.8)
Istart

k is considered constant and equal to 1.3 for both ROHR and CHR. CHRmax is calculated as the difference

between maximum and minimum values assumed by CHR within the combustion window. Combustion

angles are determined as the crank angle position where CHR curve reaches a given percentage of maximum
heat release (10% for MFB1o, and 50% for MFBso).

Evaluation of CHR is carried out by using different windows for the reference sensors and the piezo-electric
washers. For all reference sensors, starting position of the angular window (Bst.rt) is set to 30° BTDC while the
end (Bend) is placed at 110° ATDC. On the other hand, for all the prototypes (both M12 and M10), while Bstart
angle is kept at 30° BTDC, Benq angle is set 20 degrees after ROHR peak. This helped tackling the issues related
to misestimation of cylinder pressure during expansion, which could impact the evaluation of maximum value
of CHR (CHRmax), hence in determining MFB1o and MFBs,.

The evaluation of ROHR according to Eq. 7 is performed after processing the signal to recover the actual
average value: in fact, as both washer and reference sensor use a charge amplifier, signals are high-pass
filtered, thus they require cycle-by-cycle pegging [62, 63, 64]. Although the heat release curve shape is
indifferent of the sensor sensitivity/gain (Volt/bar characteristic), it is affected by the signal average value: in
fact, while the two terms on the right side of Eq. 7 are equally affected by the gain of the pressure signal,
adding an offset would only affect the first term. This means that sensor sensitivity and amplifier gain affect
ROHR as scaling factors, preserving the shape, but the signal offset changes the ROHR trace shape. Changes
in ROHR (and consequently, CHR) shape may impact MFB1o and MFBsg evaluations.

Since Manifold Air Pressure (MAP) sensor data were not available for all tested configurations, the polytropic
method [62, 63, 64] is used for the reference sensor signals, and estimated MAP is then used also for washer
signals.
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Figure 7. MFB10 correlation results. All operating points, all engine cycles. MFB10 offset equal to average
calculated from reference sensor.

Figure 7 compares MFB, values evaluated using the washer with those obtained using reference sensors.
The three plots refer to the three engines: all available engine cycles, pertaining to various running
conditions, are reported in the figure. All combustion metrics are offset, by subtracting the average MFBso
value. The correlation of the two metrics is very strong, and the standard deviation is small.

Root Mean Square Error (RMSE) and R squared (R2) referring to all tests are reported in Table 2: for all
prototypes, RMSE is lower than 0.6° CA. Results consistency achieved with different prototypes on three
different engines gives confidence of the robustness of the washer sensor for the estimation of MFBo.



Table 2. Washer-derived MFB10 estimation quality for the different engines: correlation with reference sensors for

all tested operating points.

MFB1o
# Engine Instrumented Cylinder RMSE [°CA] Rz[_]
1 Cylinder 4 0.53 [°CA] 0.9971 [-]
Cylinder 6 0.49 [°CA] 0.9985 [-]
2 Cylinder 7 0.48 [°CA] 0.9979 [-]
Cylinder 8 0.58 [°CA] 0.9984 [-]
3 Cylinder 1 0.50 [°CA] 0.9945 [-]

Coming to the evaluation of MFBso, errors obtained using the prototypes signal are slightly higher compared
to those regarding MFB1o. However, as Table 2 shows, correlation is still very high and RMSE is always lower
than 1 °CA which confirms the usability of washers for combustion phasing feedback control.

Table 3. Washer-derived MFB50 estimation quality for the different engines: correlation with reference sensors for

all tested operating points.

MFBso
# Engine Instrumented Cylinder RMSE [°CA] RZ[_]
1 Cylinder 4 0.86 [°CA] 0.9987 [-]
Cylinder 6 0.96 [°CA] 0.9983 [-]
2 Cylinder 7 0.55 [°CA] 0.9982 [-]
Cylinder 8 0.52 [°CA] 0.9984 [-]
3 Cylinder 1 0.32 [°CA] 0.9993 [-]

What is interesting to notice is that for engine 1 and the first cylinder of engine 2, MFBs, evaluation presents
a higher-than-average RMSE, with respect to results for MFB1o (from 0.5 °CA to 0.8 °CA), while for engine 3
the effect is opposite.

These differences are related to mechanical noise: in fact, for the first and second engine the noise affecting
the signal was centred on the expansion stroke, leading to a greater impact on the estimation of the MFBso.
On the contrary, for the third engine the noise was higher at the end of the compression stoke thus worsening
the estimation of the MFB1o. In the case of the third engine, after the test it turned out that the signal cable
was pinched during mounting, and consequently electric insulation was defective: electric noise produced by
coil discharge worsened the evaluation of MFBo.
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Figure 8. MFB50 correlation results. All operating points, all engine cycles. MFB50 offset equal to average
calculated from reference sensor.

Despite the effects related to undesired mechanical and electrical noise, Figure 8 allows to appreciate that a
good evaluation of MFBso can be achieved for all three engines.

4.1.2 Firing APmax Estimation

This section presents results regarding evaluation of Firing APmax angle. This angle is different from the peak
pressure location: in fact, in case of delayed combustions (for example in idling, or in catalyst heating),
pressure peak is reached at the end of compression stroke, so it does not carry information on combustion
process.

To overcome this issue, in the present work peak pressure is only searched for over the portion of the
pressure bell where the combustion takes place (according to Equation 9 below), and firing AP max is
determined accordingly.



Firing Py,x = Relative Max(Cylinder Pressure]E9) (Eq.9)

For convenience, MFByo is considered as the window start for Firing APma search, and a fixed window
duration of 100° is used for all engine cycles within the dataset.
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Figure 9. Calculation of Firing APmax and ‘standard’ APmax . Pressure traces were normalized with respect to the
maximum pressure peak measured with the reference sensor. Data from cylinder 6 engine 2, single engine cycle.

Figure 9 shows that APmax and Firing APmax may be superimposed (reference sensor) or may be significantly
different (washer sensor): in the engine cycle reported in the figure, the error in determining AP.x would be
significant, even if the shape of the pressure bell detected with the two sensors is similar. This may lead to
apparently large errors in the estimation of peak pressure location. The use of Firing APmax solves this
problem.

Table 4. Washer-derived Firing APmax estimation quality for the different engines: correlation with reference sensors
for all tested operating points.

Firing AP max
# Engine Instrumented Cylinder RMSE [°CA] RZ[_]
1 Cylinder 4 0.59 [°CA] 0.9980 [-]
Cylinder 6 0.69 [°CA] 0.9979 [-]
2 Cylinder 7 0.67 [°CA] 0.9959 [-]
Cylinder 8 0.62 [°CA] 0.9965 [-]
3 Cylinder 1 0.57 [°CA] 0.9964 [-]

Table 4 collects RMSE and R? relating the firing APmax indices evaluated using prototype sensors to those
determined with reference sensors. Once again, the strong correlation between the two sensors outputs is
confirmed: for all datasets RMSE is lower than 0.7 °CA, thus the estimation of this index is accurate enough
for on-board applications.

Results presented in Sections 3 and 4 considered all available data. Sections 5 and 6 will only focus on data
sampled on engine 2, where heavy knocking cycles were acquired, allowing a significant comparison of knock
intensity indices calculated with the two sensors, on three different cylinders. The same dataset will be used
to compare evaluation of maximum pressure (Pmax): this choice is related to the availability of ECU data which
are used for the determination of Pmax Using the washer signal.



5. MAPO Estimation

This section presents the analysis carried out to assess washer sensor capability to detect knock intensity,
over a variety of working points. Figure 10 summarizes explored running conditions in terms of engine speed,
load, and MFBso range values.

Engine 2 Operating Points for Knock Test
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Figure 10. Operating points and MFB50 sweep tested for the knock study on engine 2.

The use of piezoelectric load washers under the spark plug as knock measurement has already been
considered in the past [52, 65]. However in this paper, knock intensity is estimated with a different approach
compared to previous work on this subject [52]: the authors developed a normalized index based on the well-
known MAPO [66] index:

MAPO — MAPO;

MAPO,,.. = Eq.10
morm = Vb0 — MAPO,, L4190

This index is defined with the purpose of overcoming the following issues:

e Dispersion of sensors sensitivity (Figures 5 and 6) would directly reflect on MAPO evaluation,
requiring a high calibration effort;

e Prototypes sensitivity to knocking phenomena is one order of magnitude greater compared to
reference sensors (Figures 11 and 12): this is probably related to the fact that piezoelectric washers
are both sensitive to pressure waves propagating inside the chamber and head mechanical
vibrations.

e Piezo-electric washers are more susceptible to mechanical noise compared to reference sensors
(Figure 13).
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Figure 11. Different correlations between the 3 piezoelectric washer sensors in comparison with the respective
reference sensors. Data from engine 2, in operating points shown in Figure 10.

The higher sensitivity to knock of the piezo-electric washer was already observed in [52], where a scale factor
was applied to the threshold value used for the 99t percentile of the MAPO distribution, in order to compare
the relative knock intensity assessed using the two sensors. The same approach could not be applied here,
as different scale factors need to be applied to different cylinders. This behaviour can be clearly observed in
Figure 11: the correlation lines that bind the MAPO indices evaluated with the washer (from now on referred
to as Maximum Amplitude of Washer Oscillation MAWO) (y-axis) to the MAPO evaluated with reference
sensor (x-axis) change from cylinder to cylinder.

Comparison of sensitivity to knock event
Engine Speed = 81.25 % @ Engine Load = 93 % @ MFB50 =-1.3 °CA

T T

—Piezoelectric Washer Unfiltered
—Reference Sensor Unfiltered

0.75

0.5

0.25

Normalized Pressure [-]

1 1 1 1 1 1 1

-300 -200 -100 0 100 200 300
Crank Angle [°CA]

Figure 12. Greater sensitivity to the knocking phenomena of piezo-electric washer compared to the reference
sensor. Data from cylinder 6 engine 2.



Comparison of mechanical noise in no knock cycle
Engine Speed = 81.25 % @ Engine Load =90 % @ MFB50 = 11 °CA
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Figure 13. No knock engine condition. Piezo-electric washer was more susceptible to mechanical noise compared to
the reference sensor. Data from cylinder 6 engine 2.

This dispersion in knock sensitivity can be attributed to a combination of several factors. First of all, sensitivity
variations caused by the manufacturing process of prototypes, already discussed in Section 3, cause different
sensitivities to pressure oscillations. Secondly, reference sensors are not positioned in the same spot as
washer sensors inside the combustion chamber. As it is well known, the position of the pressure sensor within
the combustion chamber greatly impacts the estimation of knock indexes [67, 68, 69]. Finally, as already
remarked, MAWO intensity is also influenced by mechanical vibrations sensed by the washer, whose intensity
may vary from cylinder to cylinder.

The normalized index in Eq. 10 makes it possible to overcome these issues. Using such normalization both on
MAPO and MAWO, a comparable evaluation of knock intensity can be achieved with the washer and the
reference sensor. As shown in Figure 14, percentile curves evaluated for reference and prototype sensors
have similar shapes, although different scales. At low percentile values (<50%), however, the effect of
mechanical noise has a high impact on MAWO, yielding a bias that cannot be observed on MAPO.
Nevertheless, plots on the lower part of Figure 14 show that normalized traces of MAPO and MAWO are
almost superimposed.
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Figure 14. Example of percentile curve for both reference and prototype sensor in knock condition on engine 2.
(Engine Speed = 93.75 % @ Engine Load = 87 % @ MFB50 = -1.8 °CA).

This approach offers an additional advantage: thanks to normalization, not only is it possible to make MAPO
and MAWO indices comparable, but indices referring to different cylinders are automatically scaled.

Thresholds for the normalized indices (MAPO or MAWO) are defined based on data referring to knocking
cycles of all instrumented cylinders. Each operating point is arbitrarily considered as knocking when 99.5%"
percentile exceeds a threshold defined using the following equation [70]:

Engine Speed (rpm)
MAPOupr = 1000

(Eq.11)

Comparing this absolute index with both MAPO,m and MAWO,.m evaluated using Eq.3 at the same
percentile, it was possible to find the normalized threshold ensuring correct knock detections. Table 5
summarizes the threshold levels referring to reference (MAPO) and normalized indices.

Table 5. Summary of the tested working points and relative thresholds (absolute and normalized) found for the
detection of the knock.

Engine Speed tested | MAPO:(99.5%") | MAPOnormthr (99.5") | MAWOnorm thr (99.5")
3500 rpm 3.5 bar 7 7
5500 rpm 5.5 bar 7 7
6500 rpm 6.5 bar 7 7
7500 rpm 7.5 bar 7 7

A valuable result obtained with this approach is that a unique threshold value, independent of sensor,
cylinder, and also the operating condition (speed, load), is determined. In fact the threshold level used to
assess knock intensity acceptance for the washer normalized index (MAWOnom) and reference sensors
normalized index (MAPOom) is the same (equal to 7), for all the cylinders and it does not change with engine
speed.

Moreover, thanks to normalization all knock index distributions come closer (Figure 14). This is due to the
fact that normalization aims at catching the shape of knock indices distribution, which does not depend on
indices absolute value. The main drawback of this method is that it is capable of detecting knocking
phenomena only in incipient or light-knock conditions, while in heavy knocking conditions it tends to



underestimate the percentage of knocking cycles [71]. The definition of MAPOnorm and MAWO,om greatly
depends on data samples of the considered distribution: the normalization factor defining the denominator
of Equation 10 depends on the median of knock indices distribution. A high level of normalized index is only
reached if current intensity is significantly higher than median. In a running condition where most of the
engine cycles are knocking, this may lead to underestimate knock intensity, although mega-knock
phenomena would still be captured. However, a knock controller usually starts decreasing the spark advance
sooner than the previously described condition is reached.
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Figure 15. Comparison of knock detection with reference sensor vs normalized approach using washer sensors.
knock intensity indices are divided by the corresponding threshold value.

Figure 15 presents data referring to four different engine speed conditions, where both knocking and non-
knocking conditions were tested via spark advance sweeps. Each point in the graph represents a different
running condition (i.e., different speed or spark advance setting). The ratio of normalized indices with the
corresponding knock threshold (Table 5) is reported for MAPO on the x-axis and MAWOorm On the y-axis. It
is easy to identify the tests where knock is correctly diagnosed or false positives and false negatives arise:
the three prototype sensors clearly show good knock detection capabilities.

6. Pmax Estimation

As for MAPO analysis, also Pmax estimation is carried out based on the dataset from engine 2, since Electronic
Control Unit (ECU) information useful to process washers data could only be accessed with the experimental
setup used for engine 2.

The evaluation of Pmax cannot be completed with the piezo-electric signal only, due to the large sensitivity
variations (Figure 3 and 4), which would lead to unacceptable inaccuracies. The correct sensitivity has to be
estimated cycle-by-cycle, for example by using the pressure trace during compression stroke: the hypothesis
of polytropic compression, provided that intake manifold pressure could be measured by other means, would
allow to estimate the sensor sensitivity for any given engine cycle. However, this approach would require
sample-by-sample processing of the signal, which is not necessarily possible in every combustion analyser
(especially when integrated in the ECU).

As an alternative, peak pressure can be estimated with good accuracy [72] using a black box model whose
inputs are:

[ ] MFBlo
[ ] MFBso



e Initial Combustion Duration
e engine load index (relative load, rl)

initial combustion duration is evaluated as:

o . , MFBgso — MFBy
Initial Combustion Duration = 3 (Eq.12)

(RPM = —1000)

This black box model was developed using MATLAB. It is composed of a static Artificial Neural Network (ANN)
with just one layer with 10 neurons. The neural network was trained with experimental data in order to build
a response model that answered the following equation:

Firing Pyax

1 = f(MFB,,,MFBs , Initial Combustion Duration ) (Eq.13)

In this way, engine firing peak pressure can be evaluated as:
Firing Pyax = rl x f(MFB,y, MFBg, , Initial Combustion Duration) (Eq.14)

Rationale of such formulation is as follows: peak pressure depends on pressure during compression stroke,
and on energy release. For Sl engines, the latter can be roughly described by means of a triangular ROHR
curve. While MFB1o can be used to set the starting position of the ROHR trace, MFBso defines the position of
ROHR peak. To determine the amplitude (the height of the triangle), information regarding the amount of
energy that can be released is needed: in S| homogeneous stoichiometric combustions, this information can
be retrieved from the amount of air filling the cylinder, i.e., rl. The same index also relates to the pressure
reached during compression stroke. Finally, initial combustion duration indirectly adds the influence of
engine speed to the process. In other words, a model using MFB19, MFBso, initial combustion duration, and
RL as inputs should be able to output reliable values of maximum pressure.

Obviously, in a potential on-board application, MFB1o and MFBso would be evaluated from the washer signal,
while RL would be received by the ECU.

For the three instrumented cylinders, weights and bias of the model (Eg. 13) were defined using combustion
indices (MFB1o, MFBso, and Pmax) evaluated from the reference signal with the objective of identifying the
relationship between desired inputs and outputs, using the neural network. Once the proper parameters
were found, the neural network was then tested using the inputs (MFB1, MFBsg and initial combustion
duration) evaluated from the piezo-electric washers.

With the aim of developing a robust model without overfitting on training data, the neural network was
tuned only on a portion of all available data. Then, the defined neural network was tested on the remaining
portion of the dataset, hence verifying its predictability in no-training scenarios. Figure 16 presents data used
to configure the parameters of the network (orange dots) and data used to verify the ANN predictability in
no-training scenarios (green dots): as it can be noticed, only data sampled at 18.75 %, 43.75 %, 62.5 % and
93.75 % of maximum engine speed were used to train the model. Similarly, only a subset of available engine
load setpoints were used.
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Figure 16. ANN tuning data and ANN testing data. Data from engine 2.

Table 6. Neural Network description.

Tuning Neural Network Data Training: 70% randomly selected data from orange dots in Figure 16
Validation: 15% randomly selected from orange dots in Figure 16
Test: 15% randomly selected data from orange dots in Figure 16

Number of hidden layers 1

Number of neurons 10

Network type Feed-forward back propagation

Training function trainlm

Adaption learning function learngdm

Transfer function tansig

Performance function Mean square error

Stopping criteria Break the training of network when the validation mean square error

grows for 26 consecutive iterations

Figure 17 compares normalized Pmax values: data obtained using the reference sensor are reported on the x
axis, while the y axis displays the output of the ANN model fed with information (MFB1o, MFBso) gained from
the reference sensor. The good reconstruction testifies model accuracy. Both the measured and the
estimated pressure peak are normalized with respect to the maximum allowable pressure.
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Figure 17. Normalized measured peak pressure vs normalized estimated peak pressure (ANN inputs evaluated from
reference sensor).



Table 6 displays the synthetic correlation indices (RMSE and R?) between black box model and reference
sensor in assessing firing Pmax.

Table 7. Correlation indices on Firing Pmax estimation: Pmax model fed with reference sensor data on all operating
points. Overall correlation with all three instrumented cylinders

Firing Pmax Model Input from Reference Sensor
Instrumented Cylinder RMSE [bar] Rz[_]
Cylinder 6 1.76 [bar] 0.9979 [-]
Cylinder 7 1.76 [bar] 0.9982 [-]
Cylinder 8 1.48 [bar] 0.9987 [-]

Once the model is identified for the three cylinders, it is applied using as inputs combustion metrics (MFB 1o,
MFBso, and Initial Combustion Duration) evaluated by means of the piezo-electric washer. Figure 18 displays
the same results of Figure 17, with the only difference that values reported on the y axis are now obtained
by feeding the ANN model with combustion metrics estimated by the washer.

Validation of Firing Pmax Model Engine 2
Input of Model Calculated from Piezoelectric Washer Sensor
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Figure 18. Normalized measured peak pressure vs normalized estimated peak pressure (ANN inputs evaluated from
washer sensor).

Table 7 summarizes the correlation results (RMSE and R?) displayed in Figure 18, achieved when prototype
sensor data feeds the ANN Ppax mode.

Table 7. Correlation indices on Firing Pmax estimation: Pmax model fed with piezo-electric washer sensor data on all
operating points. Overall correlation with all three instrumented cylinders

Firing Pmax Model Input from Piezoelectric Washer Sensor
Instrumented Cylinder RMSE [bar] Rz[_]
Cylinder 6 3.80 [bar] 0.9947 [-]
Cylinder 7 2.26 [bar] 0.9969 [-]
Cylinder 8 2.21 [bar] 0.9971 [-]

The Firing Pmax €stimation based on the piezo-electric washer metrics is worse than that obtained with
reference sensors. RMSE values (Table 7) are nearly twice as much compared to those obtained with
reference sensors (Table 6): this is the result of model inaccuracies, in addition to those related to the
determination of MFB1o and MFBso.

Despite these additional errors, the authors believe that the proposed methodology for the estimation of
peak firing pressure still leads to satisfying results, with an average error always lower than 4 bar. This means



that the prototype sensors can also be used for on-board peak pressure estimation. In fact Pmax can be used
for the development of closed-loop controls for reliability purposes [73].

7. Conclusions and Future Developments

This paper shows the results in determining significant combustion metrics using low-cost washer
piezoelectric transducers for indirect in-cylinder pressure measurement. Despite some issues with sensor-
sensitivity variability, it is proven that successful evaluation of the following combustion indices is possible:

e MFB1o, MFBsq, Firing APmax
e Normalized knock intensity
®  Pmax, using ANN model

The comparison with metrics evaluated using reference lab sensors suggests that piezoelectric washers can
be used for on-board combustion feedback control applications. Not only is the accuracy satisfying, but also
the required economic effort seems to be compatible with on-board applications. In fact, the estimated cost
of the piezo-electric washer in mass production is 10 to 100 times lower than the reference sensor, depending
on production volumes.

However, prototypes washer sensors still present some unresolved issues that need to be corrected in order
to further enhance sensors performance. Future studies will address:

e Thermal effects on sensor sensitivity (Figures 5 and 6)
e Pressure mis-estimation during expansion stroke (Figure 4).

Refinements in these areas should allow for better estimation of MFB1o, MFBso, and Firing APmax, While Pmax
estimation should be significantly improved. In addition to this, a fairly accurate evaluation of other
combustion metrics, such as CHRmax and IMEPy, would be possible. Future works will also allow to evaluate
the use of piezoelectric washers as real time feedback for closed loop control systems on virtual engines.



Symbols and Abbreviations

AP.« Crank angle at which the maximum value of the cylinder pressure is reached
ATDC Crank angle after cylinder top dead center
ANN Artificial Neural Network

BTDC Crank angle before cylinder top dead center
°CA Crank angle degrees

CHR Cumulate Heat Release

CHRmax Maximum value of the cumulate heat release
CO; Carbon dioxide

E, Young's modulus of the bolt

ECU Electronic Control Unit

E; Young's modulus of the joint

EOC End Of Combustion

Firing APmax Crank angle at which the maximum value of the cylinder pressure is reached during the
combustion process

Firing Pmax Maximum value of pressure assumed by the pressure inside the cylinder during the combustion
process

Fp Force due to preload both on bolt and joint

FxAdditional force, function of bolt and joint force variation
F;Force on the joint

GDI Gasoline Direct Injection

GDCI Gasoline Direct Compression Ignition

GHG Greenhouse Gasses

ICE Internal Combustion Engine

IMEP Indicating Mean Effective Pressure

IMEPy Indicating Mean Effective Pressure evaluated on the indicated cycle with the intake and exhaust
valves are closed

MAP Manifold Air Pressure

MAPO Maximum Absolute Pressure Oscillation

MAPO, Tenth percentile value of the MAPO index

MAPOs, Fiftieth percentile value of the MAPO index

MAPOnom Normalized knock index evaluated on the reference sensor signal

MAPO, Threshold value of the MAPO index used for the detection of the knocking phenomena



MAWO Maximum absolute pressure oscillation evaluated on the prototype signal
MAWO,.:m Normalized knock index evaluated on the prototype sensor signal
MFByo Crank angle at which the 10% of fuel mass inside the cylinder is burnt
MFBso Crank angle at which the 50% of fuel mass inside the cylinder is burnt
MFBg, Crank angle at which the 90% of fuel mass inside the cylinder is burnt
OEM Original Equipment Manufacturer

P Pressure inside the combustion chamber

PCB Printed Circuit Boards

PFl Port Fuel Injection

Pmax Maximum value assumed by the pressure inside the combustion chamber
R?Bravais-Pearson correlation coefficient

RCCI Reactivity Controlled Compression Ignition

RDE Real Driving Emission

RMSE Root Mean Square Error

ROHR Rate Of Heat Release

RPM Revolutions Per Minute

SACI Spark Assisted Compression Ignition

SOC Start Of Combustion

TJI Turbulent Jet Ignition

V Volume inside the combustion chamber

dP Derivative of the pressure inside the combustion chamber

dV Derivative of the volume inside the combustion chamber

dO Derivative angle

k Adiabatic index

rl relative load evaluated by the engine control unit

AF, Bolt force variation

AF Joint force variation

AL, Bolt deformation

At;jJoint deformation

A Bolt and joint strain variation

0 Crank Angle

Ostart Starting crank angle of the angular window for the evaluation of CHR



Oena Final crank angle of the angular window for the evaluation of CHR

Appendix

This section shows the technical characteristics of the reference sensors and piezo-electric washer used for
each engine.

Table 8. Technical data of reference sensor used on engines 1 - 3.

M12x1.25 measuring spark plug with integrated 3 mm cylinder pressure sensor Type 6115C

Manufacturer Kistler

Measuring range bar 0...200
Overload bar 250
Sensitivity at 200 °C pC/bar =-10
Sensor operating temperature range °C -20...350
Thermal sensitivity shift

200+ 50°C % <+l

Table 9. Technical data of reference sensor used on engine 2.

Water - cooled pressure sensor for combustion engines Type 6061C

Manufacturer Kistler

Measuring range bar 0...250
Overload bar 300
Sensitivity at 200°C pC/bar =-26
Sensor operating temperature range (uncooled) °C -40 ... 350
Thermal sensitivity shift

RT ... 350 °C (uncooled) % 13
50 °C... + 30 °C (cooled) % 0.2

Table 10. Technical data of piezo-electric washer sensor used on engines1-2-3

M12 - M10 piezo-electric washer

Sensor thickness mm 19..2
Measuring range bar 0..>300
Overload bar NA
Sensitivity at 100°C pC/bar 70 ...120
Sensor operating temperature range °C <175
Thermal sensitivity shift

-20°C..125°C % 0..4
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