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Abstract. Our approach of a closed-loop combustion control is built on an intensively evaluated robust cylinder
pressure sensor with integrated smart electronics and an openly programmed engine control unit. The presented
pressure sensor consists of a steel membrane and a highly strain-sensitive thin film with laser-welded electri-
cal contacts. All components are optimized for reliable operation at high temperatures. The sensor setup safely
converts the in-cylinder pressure of a combustion engine at temperatures of up to 200 °C into the desired elec-
trical values. Furthermore, the embedded smart electronics provides a fast analogue to digital conversion and
subsequently computes significant combustion parameters in real time, based on implemented thermodynamic
equations, namely the 50 % mass fraction burned, the indicated mean effective pressure, the maximum pres-
sure and a digital value, which represents the intensity of knocking. Only these aggregated parameters — not
the running pressure values — are sent to the engine control unit. The data communication between the smart
sensor and the engine control unit is based on the controller area network bus system, which is widely spread
in the automotive industry and allows a robust data transfer minimizing electrical interferences. The established
closed-loop combustion control is able to control the ignition angle in accordance with the 50 % mass fraction
burned at a certain crankshaft angle. With this loop, the combustion engine is controlled and run efficiently even
if the ignition angle is intentionally incorrectly adjusted. The controlled and automatic correction of simulated
ageing effects is demonstrated as well as the self-adjustment of an efficient operation when different fuels are
used. In addition, our approach saves the computing capacity of the engine control unit by outsourcing the data

processing to the sensor system.

1 Introduction

Global emission limits for atmospheric pollutants are becom-
ing increasingly strict due to the necessary change towards
more climate and nature protection. Consequently, modern
cars and large marine and stationary combustion engines re-
quire a further reduction of nitric oxides, carbon dioxide, and
particulate emission levels. Therefore, it is important to mea-
sure and control the process of combustion directly in the
cylinder. In a previous paper (Vollberg et al., 2019), we anal-
ysed the international scientific status of cylinder pressure
measurement and developed and compared different sensor
approaches of our own. The work actually presented is based
on the most advantageous pressure sensor concept, which is
now extended by a sensor-related electronics which calcu-
lates some aggregated and meaningful combustion parame-

ters from each pressure signal and forwards only these val-
ues to the engine control unit. The engineered sensor hous-
ing has to meet the requirements of the spatial conditions of
a combustion engine and must shelter all necessary compo-
nents to realize the measurements and the calculation of the
parameters. Hence, the electronics form factor is drastically
reduced while simultaneously the computing power is com-
parable to a precise and costly desktop measurement system.
In this way, a control system is realized and evaluated, which
proves that combustion can be optimized over various inter-
fering and time-varying influencing factors and, at the same
time, saves computing resources of the engine control unit.
Keeping in mind that scientific reports are not widely acces-
sible due to the competitive automotive sector in the field of
increasing efficiency, we describe and test a complete sensor
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system whose scientific originality lies in a robust sensor—
electronics—software system suitable for the optimization of
combustion processes.

One strategy to contribute to this ambitious goal is the con-
tinuous closed-loop combustion control of engines (Guido
et al., 2013; Carlucci et al., 2014; Lehrheuer et al., 2015).
An important controllable variable is the so-called 50 %
mass fraction burned (MFB50), calculated from the continu-
ously measured values of an in-cylinder pressure sensor. The
MFB50 indicates the crankshaft angle at which 50 % of the
fuel has been burned in the current combustion cycle. Most
combustion engines reach their best efficiency if the MFB50
is around 8° crankshaft angle after the top dead centre. As
an actuating variable, the ignition timing is used to balance
the MFB50 at a crankshaft angle of 8°. Such a closed-loop
combustion control results in increased engine performance
as well as fuel savings and the associated reduction in carbon
dioxide.

As a fundamental source of information for calculating
the MFB50, the cylinder pressure for each combustion cycle
has to be measured accurately by a reliable and robust pres-
sure sensor. Furthermore, other combustion parameters orig-
inating from the cylinder pressure curves can be extracted,
i.e. the indicated mean effective pressure (IMEP), the maxi-
mum cylinder pressure, and the knock detection. In particu-
lar, the performance of knock detection would benefit from
the direct pressure measurement because no additional sen-
sor is required and the signal is not influenced by any dis-
turbing acoustic source. The application effort for separate
knock sensors, which also requires sophisticated placement
and signal filtering, would be completely eliminated. How-
ever, the concept of reliable pressure transducers designed
for the harsh environment in modern combustion engines
mainly depends on cost effectiveness, production capabil-
ity, long-term stability, and packaging requirements. Differ-
ent concepts for the transformation of pressure into the re-
spective electrical value range from non-intrusive (Sellnau
et al., 2000) to intrusive direct-pressure measurement types
(Hellemans et al., 2011) using a large variety of physical ef-
fects like piezoelectricity, piezoresistivity, and optical fibre-
based detection of light reflection of a membrane (Wlodar-
czyk, 2012), also mentioned in Vollberg et al. (2019). For
example, the Kistler company offers spark-plug-based pres-
sure sensors working as piezoelectric, intrusive types. Such
sensors are mainly utilized in test bench applications and
serve as references because of their high accuracy, but these
sensors and charge amplifiers are too expensive for a wide
application on custom passenger cars. Although each con-
cept has its own advantages and disadvantages, the intrusive
type is already used in some combustion engine applications
due to the direct measurement of the physical pressure and
the possibility of calibrating the pressure transducer during
the manufacturing process. Advantageously, the sensor sig-
nal properties are unaffected by any mechanical disturbance
during combustion engine installation and operation. How-
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ever, the sensor requirements, especially for the sensing el-
ement, are very challenging. The temperature level can ex-
ceed 200 °C, depending on the construction, the used materi-
als, and the thermal coupling to surrounding engine parts. In
addition, thermal shocks can affect the sensor signal during
each combustion cycle to such an extent that a large mea-
surement error occurs. To minimize this source of error, a
flame or heat shield can be placed in front of the sensing el-
ement, resulting in a more complex sensor design and higher
production costs (Borgers et al., 2013). Further requirements
must be met, such as a measuring range of up to 300 bar
to provide high overload protection and to ensure accurate
measurements of dynamic peak pressures of up to 100 bar
(Eicheldinger et al., 2019). Additionally, the sensors should
exhibit a maximum pressure output error of £2 % full scale
(FS), a high bandwidth of up to 15 kHz for an appropriate dy-
namic resolution of the pressure signal, and a life expectancy
of more than 12 000 h (Sensata, 2015). Today’s cylinder pres-
sure sensors provide analogue electrical signals with rudi-
mentary pre-processing of the pressure signal, which makes
the signal transmission susceptible to the electrical distur-
bances prevailing in the combustion engine. In this paper, we
present the evolution to a smart sensor. The pressure signal is
processed on-site and condensed to meaningful combustion
parameters that are forwarded to the engine control unit.

2 Smart sensor concept

The main components of the smart cylinder pressure sensor
are the sensing element, the sensor housing, and the internal
electronics. In a previous work (Vollberg et al., 2019) we pre-
sented and investigated different sensor designs with respect
to the geometrical dimensions of existing combustion engine
test benches. These are both non-intrusive pressure-sensing
elements, which are equipped with highly sensitive foil strain
gauges, and intrusive membrane-based sensors, which are
coated with thin piezoresistive and temperature-stable thin
films. The best results were achieved with a steel membrane.
In that case, the temperature level is relatively low, at about
200 °C during engine operation, due to a good thermal con-
ductivity of steel (16 W (m K)~!) and suitable thermal cou-
pling to surrounding engine parts. The signal was not af-
fected by any mechanical influences and provides a direct
pressure measurement. Additionally, the sensor housing ac-
commodates the required lead wires, supports the electron-
ics, and protects all inner parts from the harsh environment
of the combustion engine.

As another part of our development, the steel membrane
sensor design was complemented by engineering a reliable
and smart electronic circuit embedded in the sensor hous-
ing. For cost effectiveness, the smart electronics consists of
standard mixed-signal circuits (ICs) with an extended tem-
perature range of up to 125 °C, which requires no expensive
and complicated development of an application-specific inte-
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grated circuit (ASIC). Not only the analogue electrical pres-
sure signal of the sensing element is internally converted to
a digital value, ensuring a higher stability against electro-
magnetic interferences. Furthermore, different combustion
parameters like the MFB50 and knock detection based on
the pressure signal were calculated by thermodynamic equa-
tions, generating pre-processed data to reduce the computing
effort of the engine control unit (ECU). The data communi-
cation is realized by a robust and stable CAN bus protocol
commonly used in automotive engineering. The latest ver-
sion of the smart pressure sensor is illustrated in Fig. 1.
Finally, an open-access ECU was used to establish a
closed-loop combustion control on different engine test
benches. The function development including application
and testing of the control algorithms was carried out mainly
on two PC platforms, namely EHOOKS and the integrated
calibration and application tool (INCA) from ETAS.

2.1 Sensing element and housing

The sensing element of the intrusive cylinder pressure sensor
is based on a membrane-type structure as shown in Fig. 2a,
b, and it is made of stainless steel 17-4 PH (1.4542), of-
fering good mechanical properties even at elevated temper-
atures. The mechanical load of the membrane is determined
by finite-element (FE) analysis with COMSOL Multiphysics.
Depending on the geometrical dimension (in this case: inner
diameter: 3.2 mm, thickness: 260 um), the membrane is de-
flected by 4.9 um while experiencing a von Mises stress of
360 MPa upon a pressure of 250 bar. The maximum strain at
the membrane’s centre is 1.3 %o, both in the radial and tan-
gential directions, while developing a maximum radial com-
pression at the rim of —0.8 %eo.

The locations with nearly identical values for strain and
compression are determined by FE analysis (Fig. 2a) to iden-
tify the correct positions of the Wheatstone bridge resistors
(Fig. 2b, c). In order to obtain a reliable electrical insula-
tion, the metallic sensing element was equipped with a 5 um-
thick SiO; layer at first. Then some highly piezoresistive and
temperature-stable thin films were deposited on the insula-
tion layer. One of those films is a novel chromium thin film,
showing gauge factors of up to 20, well explained in Schwe-
bke (2021). Alternatively, the membrane was deposited with
different carbon-containing metal films. These films offer
gauge factors of 5 to 12 depending on the metal and car-
bon composition and the appropriate thermal ageing after
thin film deposition (Schultes et al., 2018). For the metal—
carbon films, the best results regarding temperature stabil-
ity are achieved with an alloy composition of 50 wt % of Ni
and 50 wt % of Cr, designated as NisoCrso-C : H. The Wheat-
stone bridge layout was structured by UV-laser ablation, also
described in Schultes et al. (2015). To realize a good elec-
trical connection for the lead wires and a temperature sensor
Riemp, the membrane was partially equipped with a further
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thin film sandwich of NiCr/Ni/Au with a high temperature
coefficient of resistance (TCR ~ 3000 ppm K~ 1).

The electrical connection was realized by laser welding
of copper wires onto the pads, a process specially devel-
oped to create reliable and temperature-stable connections
described in detail in a previous paper (Vollberg et al., 2019).
For a stable mechanical connection, the membrane-sensing
element was laser-welded at the front end of the tube-like
support (Fig. 3). Additionally, the support enables a wire lead
feedthrough to connect the Wheatstone bridge with the elec-
tronics. To complete the smart sensor, a few more parts are
needed as shown in Fig. 3, namely the printed circuit board
(PCB) carrying the electronic components, the PCB support
(material: PEEK), the housing made of stainless steel PH 13-
8 Mo (1.4534), and a connector plug (LEMO, seven-pin).

2.2 Electronic design

The requirements for the sensor electronics are derived from
the system concept of the smart sensor. With this approach,
a purely analogue output of cylinder pressure, as is common
for products currently available on the market, is replaced by
an integrated, digital data acquisition system including dedi-
cated pre-processing and evaluation. The structure of the sen-
sor electronics can be divided into three functional blocks.

The first block is responsible for signal conditioning;
i.e. the raw signal must be amplified, offset-corrected, and
low-pass-filtered for further processing. The programmable
gain amplifier (PGA) used for this purpose allows the signal-
conditioning parameters to be set directly via its digital inter-
face. The second and main block is the microcontroller unit
(MCU), which handles both the digitization of the pressure
signals and crankshaft position signals as well as the ther-
modynamic calculation. Real-time signal acquisition gener-
ates large amounts of data, which are not simply transmit-
ted in our concept but processed in the sensor, so that only
the results and characteristic parameters of the combustion
analysis have to be transmitted to the external ECU. The
third block is needed to realize the communication with the
ECU. Since both recorded and calculated result parameters
are available digitally in the microcontroller, it is obvious to
use a digital communication interface. The CAN bus, which
is common in automotive engineering, is therefore also pre-
destined for our application. In addition to the robustness
against external interference, the CAN bus architecture also
allows integration into complex networks. This makes it pos-
sible to integrate the smart sensor into any existing combus-
tion system. The results of the internal combustion are trans-
mitted compactly to the ECU in one CAN message per com-
bustion cycle.

2.2.1 Circuit board structure

During the development of the board, the focus was placed
on sufficient computing power with simultaneous low power
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Figure 1. Latest version of the smart pressure sensor prototype with embedded electronics.
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Figure 2. (a) Von Mises stress derived from the FE analysis at 250 bar. (b) Laser-structured Wheatstone bridge design on the steel element.

(c) Equivalent electrical circuit of the Wheatstone bridge.

consumption (approx. 200mW at 12V) and size (27 x
11 mm). All components are specified for an operating tem-
perature of up to 125°C, thus enabling the sensor to be
mounted close to the combustion chamber. The main com-
ponents are described as follows.

The programmable gain amplifier (PGA308, Texas Instru-
ments) is applied for signal conditioning and configured via
UART while operated as an extension to the microcontroller.
For this purpose, the PGA parameter set is loaded from the
EEPROM of the MCU during initialization of the sensor and
written into the RAM of the PGA via a UART interface.

The digitalization and further processing of the data are
done by a MCU (STM32L4, STMicroelectronics). This
ultra-low-power ARM Cortex-M4 MCU offers many advan-
tages for smart sensor applications: high computing power
combined with low power consumption and small dimen-
sions. Functions such as direct memory access (DMA), con-
troller area network (CAN), and 12-bit analogue-to-digital
converter (ADC) and a maximum operating temperature of
125 °C further improve the performance of the sensor. Since
the ARM platform needs a supply voltage of 3.3V, an ad-
ditional voltage regulator (LD39050, STMicroelectronics)
from 5 to 3.3V was integrated into the design of the board.
The high-speed CAN transceiver (TCAN332, Texas Instru-
ments) offers a transfer rate of 1 Mbits~! and is used for
bus coupling from TX /RX (TTL) of the CAN controller to
CANH / CANL of the CAN bus. In order to reach a form
factor of just 11 x 27 mm, the described components were at-
tached to a four-layer PCB together with additional passive
electronic components as illustrated in Fig. 4.
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2.2.2 Algorithms

The algorithms represent the core functions of the smart
sensor. Each individual cycle of the combustion pressure is
evaluated by applying known, standardized thermodynamic
calculation methods (Egs. 1-3 of AVL, 2013, and Wolgast,
2014). A combustion measurement and analysis device from
the company AVL was used as a reference system. The ba-
sis for all calculations is a pressure curve, referenced to the
crankshaft angle or the cylinder volume calculated from it.
After each working cycle of the engine, the microcontroller
performs several calculations based on the recorded data,
which characterize the combustion. The calculated param-
eters are described below as examples and are additionally
shown in Fig. 5.

Heat release:

0= K v [ (2 (1)
l_ki_l i+1 | Pi+1 — Pi—-1 Vier .
Indicated mean effective pressure:
1 [+360°CA
Pimep = _/ pdVv. ()
VH J-360°cA

Thermodynamic zero-point correction:
Ap
k
Vi
() -1
where i is the measuring index, Q the heat quantity, K a
constant (unit conversion), k the polytropic exponent, p the

p1= , 3)
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Figure 3. Cross section of the complete sensor construction. All dimensions in millimetres.
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LD39050 (voltage regulator)
STM32L4 (microcontroller)

PGA308 (amplifier)
TCAN332 (CAN transceiver)

Figure 4. (a) PCB layout with top (red) and bottom (blue) electronic part arrangements. (b) Operational PCB.

cylinder pressure, V the volume, pimep the indicated mean
pressure, Vi the stroke volume, p; the pressure at position
X1, Ap the pressure difference between X and X5, V| the
volume at position X, V» the volume at position X», X
the measuring point 1 in the compression phase, and X, the
measuring point 2 in the compression phase.

One of the most important parameters for the combustion
control is the mass fraction burned parameter, especially the
MEFBS50. It is a significant indicator for the ECU to operate
the engine at its best point in terms of efficiency and emis-
sions, illustrated in Fig. Sc and calculated by Eq. (1). The
parameter of the IMEP represents the calculated indicated
power per cylinder. The IMEP and other indicators are valu-
able for correcting for cylinder tolerances and ageing effects
of the injectors (Fig. 5d, Eq. 2). The peak pressure indicates
the magnitude as well as the position of the maximum pres-
sure (PMAX). This value, together with the knock detection
explained below, can be used to ensure that the motor oper-
ates close to, but not beyond, its mechanical and thermal limit
under all circumstances. Knocking, the uncontrolled self-
ignition of fuel, can cause thermal and mechanical overload,
possibly resulting in serious damage to the engine. The knock
detection is an indicator to operate the engine safely close to
the so-called knock limit. Knocking appears in the pressure
curve as high-frequency pressure pulsations. The calculated
parameter indicates the amount of knocking events in one
complete cycle (Fig. 5f). Thermal influences on the sensor
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membrane can cause an offset of the signal output that ap-
pears in the pressure curve. To compensate for this pressure
offset, a correction factor is calculated. The compensation is
achieved by thermodynamic calculations, the so-called zero-
point correction. This compensation is recalculated for each
cycle (Fig. 5e, Eq. 3).

2.2.3 Connectivity

For the thermodynamic calculations, a pressure curve over
the crankshaft angle is necessary. A standard vehicle usually
only has a relatively simple crankshaft sensor with moder-
ate resolution of the engine flywheel. The tooth and tooth
gap at the edge of the flywheel result in a signal of defined
pulses per revolution, whereby the tooth gap is used for syn-
chronization. This resolution, normally a 10° crankshaft an-
gle per pulse, is too low for the smart sensor and is therefore
multiplied in the developed electronics by interpolation. By
multiplying the flanks, for example, a resolution of 0.1° can
be achieved.

In our smart sensor concept, the pressure curves are anal-
ysed and pre-processed within the sensor, and finally only the
essential, characteristic parameters of the examined cycle are
transmitted via CAN interfaces to the ECU. This allows the
amount of the transmitted data to be reduced to a minimum.
At the current stage of development, one CAN data frame
(8 bytes, 500 kbit s’l) is sufficient to transmit all data, as de-

J. Sens. Sens. Syst., 11, 1-13, 2022




[\
W

(@)

N
(=) (9, [e]

L I
T T

Cylinder pressure (bar)
(9]

0 a— i
-360-270-180-90 0 90 180 270 360
Crank angle (°)

(b) 60
50 +
40 +
30 T

20 r
10 /-
O 1 } PXIPNY.Y LA oy

T T ™~ A AR A=

dQ (kJ (m* deg)™)

-10

-30 -10 10 30 50 70 90
Crank angle (°)

© 700

m?)
TN
S S
S S
L
LI

w
oS O
o O
H
T

/- MFB50 at 6.25°

— N
oS O
(==}

|

Integration (kJ

(=)

—
o
S

-30 -10 10 30 50 70 90
Crank angle (°)

D. Vollberg et al.: Smart in-cylinder pressure sensor for closed-loop combustion control

[\
W

(d)

PIH: 3.31 bar
PIL: -0.519 bar

— = N
(=) W [«]
T T T

W
T

Cylinder pressure (bar)

(=)

0 100 200 300 400 500 600
Volume (cm?)

N
W

®

— N
wn o

—
(=]

3
)
1
(

Cylinder pressure (bar)

0 —t 1 1
-360-270-180-90 0 90 180 270 360
Crank angle (°)

# 55
45 +

35 T

1 IS L

Cylinder pressure (bar)
& G

20 -10 O 10 20 30 40
Crank angle (°)

Pressure difference

e Cylinder pressure

Pressure smoothed Pressure Integral

Figure 5. Calculated combustion parameters derived from the measured pressure signal. (a) Cylinder pressure signal versus crank angle.
(b) Thermal energy dQ per volume and per degree crank angle. As a basis for the mass fraction burned, the thermal energy has to be
calculated. (c¢) Integration of dQ with the determination of the MFBS50. (d) Indicated mean eftective pressure with a high-pressure loop (PIH)
and a low-pressure loop (PIL). (e) Zero-point correction. (f) Knocking appears as high-frequency pressure pulsation.

picted in Fig. 6a. The transmission is cyclical: i.e. after each
combustion cycle, first an analysis is performed and then the
message is sent automatically. The CAN frame structure is
freely programmable and can be easily adapted to existing
systems.

Together with the electronics, a PC software (Fig. 6b) was
developed for the vehicle-specific application beyond the ac-
tual development process. Raw data of the pressure sensor,
such as pressure samples and combustion processes, can be
displayed and stored for later evaluation. In addition, all pa-
rameters of the sensor can be checked and adjusted via the
software. Due to the smart functionality of the sensor, there
is the necessity of a one-time parameterization before the ini-
tial operation. The settings include parameters for signal pro-
cessing, thermodynamic calculations, and communication.
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2.3 Implementation of the smart sensor in the motor
control unit and closed-loop combustion control

A FlexECU approach from Robert Bosch GmbH was in-
stalled to combine the smart pressure sensor with the mo-
tor control unit. This hardware and software package is dis-
tributed from a subsidiary company named ETAS. A stan-
dard motor control unit was not applicable because such units
do not allow the implementation of our new pressure sensors.
The FlexECU includes a so-called low-level software which
allows an open interfacing of external components like sen-
sors and actors. However, the central motor control block to
get a combustion engine running has to be implemented by
the users themselves. Only this flexible in-house software ap-
proach opens the opportunity to include the smart pressure
sensor in the optimization process.

https://doi.org/10.5194/jsss-11-1-2022
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Figure 6. (a) Utilized CAN frame. (b) Graphical user interface for sensor configuration and visualization of the processed data.
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grammed onto the FlexECU via a serial interface using the
INCA development software.

The smart pressure sensor provides high-resolution infor-
mation to the MCU on the inner thermodynamic processes
of the motor in real time. The built-in evaluation electronic
generates detailed data and status information regarding the
inner combustion process of the input signal coming from
the sensor element. These data are fed to a standard control
loop as shown in Fig. 7 within the FlexECU, getting the mo-
tor to work close to the optimum regarding fuel consump-
tion, emissions, and motor protection. As described above,
the MFB50 value is calculated by the built-in evaluation
electronics using the measured pressure values and returns
the angular position where 50 % of the injected fuel mass is
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Figure 7. MFBS50 control loop.

burned. The best efficiency of a combustion engine can be
expected for a MFBS50 value of 8° crankshaft angle after up-
per dead centre (Wolf, 2019). Deviations of 2° from this op-
timum angle lead to an efficiency degradation of about 1 %
(Wolf, 2019).

In Fig. 7, the MFB50 value is calculated from the output
signal of the smart pressure sensor and is used as a feedback
signal in the MFB50 closed-loop control. As the target or de-
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Table 1. Overview of test benches.

Test bench No. 1: combined heating and power station (CHP)  No. 2: 230 kW eddy current brake
Manufacturer Briggs & Stratton (B&S) Mazda
Type Vanguard 90° V-TWIN (two cylinders) Four cylinders in-line, 2.0 L LF-DE

Combustion process
Charging pressure level
Mixture formation
Engine capacity

Power

Motor control
Application system

PF Venturi gas mixer

479 cm?

3.6kW at 1900 rpm (electrical)
In-house development
In-house development

Four-cycle Otto (natural gas and LPG)
Atmospheric suction port fuel injection

Four-cycle Otto (gasoline and LPG)
Atmospheric suction port fuel injection
PFI liquid-phase injection

1999 cm?

108 kW at 6500 rpm (mechanical)
Bosch FlexECU

ETAS INCA

Installed
smart sensors

Built-in positions in the cylinder head

Figure 8. Mounting of the pressure sensors: (a) on the Briggs & Stratton motor; (b) on the Mazda motor.

sired value, a MFB50 = 8° crankshaft angle is fed to the con-
trol loop under ideal conditions. From the control deviation
or error signal e(¢) (difference between actual and desired
MFB50 values), the controller calculates the control variable
u(t) to adjust the ignition time of the FlexECU to bring the
control deviation e(t) to zero. In this closed-loop operation,
the combustion engine works with its utmost efficiency and
operates independently of disturbing external influences like
the quality of the gasoline and ageing processes.

3 Experimental test procedures

3.1 Pre-test on a static pressure test bench

An initial characterization of the smart pressure sensors is
performed on a static pressure test bench. At first, the raw
pressure sensor without electronics is characterized. The
pressure is stepwise increased to 250 bar and then reduced
step by step again. In that way, the sensor sensitivity, lin-
earity, and hysteresis errors are determined. A tempera-
ture chamber allows the determination of the temperature-
dependent errors, like the temperature coefficient of resis-
tance (TCR) and the temperature coefficient of zero (TCO).

J. Sens. Sens. Syst., 11, 1-13, 2022

3.2 Application and dynamic tests on cylinder heads of
engine test benches

Pressure sensor tests and verification are carried out on two
different engines on two test benches (Table 1).

Three pressure sensors were mounted for combustion
chamber pressure measurement on one cylinder of the B&S
motor (Fig. 8a), one of them being a reference, i.e. a
spark plug with an integrated piezoelectrical pressure sensor
(Kistler, type 6118, accuracy £1 % FS). Two of our smart
sensors were placed in additional threaded holes (M10 x 1)
in a front mounting position.

The four-cylinder in-line Mazda motor was equipped with
the same reference spark plugs, namely Kistler type 6118
with piezoelectrical pressure sensors on every cylinder. In ad-
dition, two vertical holes through the cooling system of the
cylinder head were drilled to get access to cylinders 2 and 3
(Fig. 8b). Mounting sleeves were inserted into the holes and
welded to the cylinder head. Finally, the smart pressure sen-
sors were installed in the mounting sleeves, similarly to the
B&S motor.

https://doi.org/10.5194/jsss-11-1-2022
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Figure 9. (a) Characteristic output signals of sensors with different sensor materials, measured on the static pressure test bench at an ambient
temperature of 200 °C. (b) Linearity deviations and hysteresis errors of sensors with both types of thin film materials at 200 °C.

4 Results and discussion

4.1 Sensor raw signal characteristics derived from static
and dynamic pressure tests

Figure 9a compares the sensor output signals versus applied
pressure on the static test bench for two different sensor
thin film materials at an ambient temperature of 200 °C as
expected for the installation position. Obviously, the sen-
sitivity of piezoresistive chromium with about 20mV V~!
at 250 bar is much higher compared to NisoCrsp : a-C: H
with about 5mV V~!. These sensitivities have to be com-
pared with 2mV V™! of standard CrNi alloy films. The lin-
earity deviations and hysteresis errors for sensors equipped
with the two materials are depicted in Fig. 9b. The errors
of approx. 0.5 % FS are small, and thus these pressure sen-
sors with either sensor material fulfil the necessities of robust
pressure sensors.

Additionally, the characteristic temperature coefficients
TCR and TCO are given in Table 2. The values deviate in the
listed range, depending on coating parameters and thermal
pre-ageing. Assuming the same TCR value for all four resis-
tors within the measuring bridge, a homogenous temperature
drift would not influence the output signal. However, under
real conditions we have to face material and production pro-
cess variations with different TCRs for every resistor, leading
to non-zero TCOs.

After the static characterization, the smart pressure sensors
were tested under typical and practical conditions on the mo-
tor test benches described in Sect. 3.2. As mentioned above,
a Kistler pressure sensor serves as a reference for all pres-
sure curves generated by post-processing of the measured
raw data. The result of one typical combustion cycle plotted
in Fig. 10a shows a nearly perfect matching of all three sen-
sor signals. The significant pressure peak occurs between 270
and 540° crankshaft angle and has a time duration of about
15 ms at a motor speed of 2000 rpm. The pressure deviations
of the prototype sensors compared to the reference sensor are
below +1 bar (Fig. 10b). Also plotted in Fig. 10b is the tem-
perature curve measured on the membrane during the com-
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bustion cycle (see Rremp in Fig. 2b). The largest signal devi-
ations occur at crankshaft angles between 400 and 500°, cor-
responding to the maximum temperature deviation (tempera-
ture gradient) on the membrane. These thermal shock signal
deviations occur due to a spatially inhomogeneous temper-
ature on the membrane. The higher the spread of the TCR
values, the higher the signal deviations due to the thermal
shock. Consequently, carefully performed and reproducible
thin film processes can minimize the deviations. We state
that both sensor materials are appropriate for high dynamic
pressure measurements in combustion engine applications.
As a consequence of the lower sensitivity of NisoCrsg : a-
C : H and the higher gain to calculate the pressure value, dis-
tortions like the ignition of the spark plug influence the pres-
sure signal (see deviation peaks of the red line in Fig. 10b
at a crankshaft angle of around 330 and 700°). Taking into
account the higher sensitivity and the higher signal-to-noise
ratio of the piezoresistive chromium, the results imply a pref-
erence for this material. Thus, the required signal processing
of the successive electronic is simplified, thereby reducing
the potential influence of unwanted noise and other disturb-
ing signals.

4.2 \Verification of closed-loop control
4.2.1 Reduction of combustion process fluctuations

The combustion process of a gasoline engine is subject to
fluctuations based on many factors. Besides ignition time
variations, mixing as well as tumble and swirl flow have to be
mentioned here. The result is a combustion process with ran-
dom deviations of the MFB50 values, shown in the left part
of Fig. 11 with a feed-forward controlled fixed ignition angle
of 27° before the top dead centre (BTDC). For the first 32 s of
the diagram the controller was deactivated, and hence the av-
eraged MFBS50 signal fluctuates by more than 15° crankshaft
angle. In the next time section of the diagram, the closed-loop
control is activated, leading to a significant reduction of the
MFB50 fluctuations. The resulting controlled ignition angle

J. Sens. Sens. Syst., 11, 1-13, 2022
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Table 2. Typical parameters of pressure sensor prototypes with different thin film materials at 200 °C.

Sensor parameter Unit Piezoresistive Cr  Ni50Crsg : a-C: H
Sensitivity at 250 bar mV V! 15020 ~5
TCR ppmK~! 25085 —100 to —10
TCO %FSK~!  <0.01 < 0.07
Linearity error % FS <1 <1
Hysteresis error % FS <0.5 <0.5
2 r 7 195.0
(@ 30 (©) —— Ni50Cr50:a-C:H
Ref. Sensor .
25 Piezores. Cr
Ni50Cr50:a-C:H T 1t
5 20 F pi c S
_3 1ezores. Lr s »
o 15 g
E s 0 + ! fea—iy t t + 192.5
;‘3 10 g 5
5F e <
2 -l r a
0 ettt 3 g
~ =
s L
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Crank angle (°)
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Figure 10. (a) Characteristic pressure curves of two different prototype sensors and the Kistler reference sensor at 2000 rpm. (b) Inner
cyclical pressure deviations of the prototype sensors compared to the reference sensor. The temperature on the membrane measured by
means of Remp is plotted as well (black curve with the ordinate on the right-hand side).

of the controller is depicted in the upper curve (blue) in the
unit of the crankshaft angle (CA).

4.2.2 Correction of ignition setting deviations

Various manufacturing tolerances as well as ageing and abra-
sion effects of the engine can influence the combustion char-
acteristics. Hence, the implemented maps and look-up tables
for initial engine control may no longer be optimal and will
need adaption to the changed condition. To emulate such in-
fluences, the system has been forced to execute ignitions ei-
ther too early or delayed, as shown in Fig. 12. With these
pre-settings the control loop was activated during ongoing
operation to verify the control precision. The MFB50 con-
troller generates a control reaction as soon as it has been ac-
tivated, as demonstrated within Fig. 12. According to the re-
quired difference, a control signal is generated and brings the
MEFB50 value almost immediately back to the optimum of §8°
crankshaft angle. Thus the expected controller functionality
has been tested and verified.

4.2.3 Reaction on different fuels

Another run was performed to test the response of the smart
controller to different fuel grades. This is done by switch-
ing between fast-burning liquefied petroleum gas (LPG)
and slow-burning normal gasoline (Krieck et al., 2016). As
shown in Fig. 13, the switching from LPG to gasoline with
a deactivated controller results in a delay of about 3° of the

J. Sens. Sens. Syst., 11, 1-13, 2022

MFB50. With the action of the activated MFB50 controller
and an almost instantaneous reaction of the MFB50 closed-
loop control, the MFB50 is kept stable to its optimal value
of 8°. Once again the controller behaviour meets the expec-
tation.

4.3 Integrated knock detection

The smart sensor algorithm is able to extract a robust and
valuable parameter representing the number and intensity of
pressure pulsations of the combustion process in every cy-
cle. A knocking integral algorithm (KI) was implemented
and shown to be very sensitive and selective in detecting
knocking (Ohler, 2014). This is demonstrated in Fig. 14,
where the engine is operated to develop an increasing knock-
ing intensity. The original pressure signals are plotted with
a smoothed signal, together with the calculated knocking in-
tegral during the cycles. The KI value represents the cumu-
lated magnitude of the deviation between the different pres-
sure curves. Only the integration value at the end of the inte-
gration window is transferred as a knocking intensity signal
to the control unit via a CAN bus. In Fig. 14, the KI and AKI
values are given at the top of the diagram. AKI corresponds
to the KI difference of KI with knocking minus KI without
knocking. A comparison of the knocking intensity shows es-
pecially the high sensitivity of the KI value even in case of
small knocking intensity in the beginning phase (Fig. 14b).
The four diagrams of Fig. 14 show the high potential of the

https://doi.org/10.5194/jsss-11-1-2022
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smart combustion sensor to additionally detect knocking and
thereby the potential to replace extra sensors.

5 Conclusion and outlook

The final state of our smart combustion pressure sensor con-
cept represents a promising solution for an intelligent com-
bustion motor control. The application of a well-established
steel membrane in combination with highly strain-sensitive
and temperature-stable thin films in combination with a cost-
effective mixed-signal electronics yields the best results. Due
to the high thermal conductivity of steel and a good ther-
mal coupling to cooled engine parts, the sensor signal er-
ror caused by thermal shocks is effectively reduced down
to =1 bar within one combustion cycle. The high sensitiv-
ity of approximately 20mV V~! leads to very detailed pres-
sure curves, allowing the electronics to operate with mini-
mum signal gain. Hence, the signal noise is decreased, and no
extensive signal filtering is required. The sensor-integrated
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electronics uses an ADC with 12-bit resolution able to digi-
tize the measured signal with a high sampling rate enabling
the system for high dynamic signal measurements.

A closed-loop combustion control was realized by imple-
menting the thermodynamic equations directly in the sensor
electronics, delivering only the important combustion param-
eters to an openly programmed ECU. This enables the con-
trol of the MFBS50 in order to effectively reduce combus-
tion fluctuations. The realized closed-loop control is able to
readjust and control the proper combustion by means of the
MFB50 parameter in case the ignition was intentionally mis-
aligned too late or too early. The same holds if differently
combustible fuels are used. These features would allow us to
control the engine at its optimal operating point even if me-
chanical tolerances and ageing effects are considered. This is
beyond the possibility of today’s ECUs, controlling the en-
gine by means of stored look-up tables for different situa-
tions. In addition, the computing capabilities of the ECU are
preserved by outsourcing the calculation to the sensor elec-
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Figure 14. Four combustion cycles with different intensities of knocking. The KI value is calculated and plotted (ordinate on the right).

tronics. A further conceivable scenario is the application of
the sensor for machine learning by real-time measuring and
controlling of the MFB50 under certain combustion engine
conditions on the track. No extensive verifications would be
required on test benches to evaluate different operating points
for various engine types.

The benefit of our smart combustion sensor system is fur-
ther increased by extracting more information on the com-
bustion process, i.e. the detection of knocking. Therefore,
a knock integral was implemented to reliably determine
knocking if the combustion engine is driven beyond its com-
mon operating conditions. The evaluated calculation gener-
ates a very sensitive value that allows us to recognize knock-
ing at an early stage. This feature would allow us to substi-
tute knock sensors that are commonly applied on engines.

J. Sens. Sens. Syst., 11, 1-13, 2022

Furthermore, a failure detection which observes the correct
function of the sensor in series applications can be easily im-
plemented in the firmware of our electronics. In summary, we
developed a smart sensor system which reliably measures the
pressure inside the combustion engine, calculates different
combustion parameters, and works in a closed-loop combus-
tion control.

Code and data availability. The underlying measurement data
are not publicly available and can be requested from the authors
if required.
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