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The article contains the results of an analysis of the suitability of a pressure sensing glow plug for use in
a hydrogen engine control system. Due to the properties of hydrogen, the process of its combustion in spark-
ignition engines is significantly different from the classic fuels. It is planned to use the pressure sensor signal to
control the combustion process to obtain high power and efficiency, with the lowest possible emission of
nitrogen oxides, which is the main harmful component of hydrogen engines. After an initial assessment of
suitability, it was decided to use a pressure sensing glow plug. This choice is dictated by the low price, good
availability and high durability of these sensors. The preliminary tests were carried out using a low-power
single-cylinder Sl engine coupled with a 48 V generator. The tests were carried out for several values of engine
speed and load of the generator and for classic gasoline with a research octane number (RON) of 95. To obtain
an increased pressure rise rate in the cylinder, as for hydrogen fueling, the engine operation was also tested
with unmodified light gasoline used as solvent, which is characterized by a significantly lower RON value. The
use of a reference pressure sensor in the cylinder made it possible to determine the behavior of the PSG in
various operating conditions. The tests revealed that the differences in the pressure waveforms registered with
both sensors can be systematized depending on the engine speed and its load.
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1. Introduction

Fossil fuel depletion and stricter emission regulations
drive the search for alternative fuels that can both meet the
pollution requirements but still be suitable for piston en-
gines that still developed [19], and are in a majority of
vehicles currently in use not only for road transport [9], but
also, to a large extent, in rail transport [3, 14].

Various types of alternative fuels are still being devel-
oped to decrease emissions [2, 15, 16], although uniquely
hydrogen is a fuel that inherently does not produce carbon-
related emissions when combusted, thus serving as a suitable
substitute to classic liquid fuels [5, 7, 8, 21]. The combustion
of hydrogen still requires minimization of nitrogen oxide
emissions, and the distinct nature of hydrogen as a fuel in
comparison to gasoline requires advanced control methods to
enhance the efficiency of the process. Table 1 presents
a comparison of fuel properties according to [1, 18].

Table 1. Comparison of hydrogen and gasoline properties as a fuel

Parameter Unit Hydrogen | Gasoline
Density kg/m® [0.090 (gas) | 735
Lower Heating Value (LHV) MJ/kg 120.1 44
LHV of stoichiometric mixture MJ/kg 34 2.81
Laminar flame speed m/s 24 0.4
Stoichiometric air-fuel ratio (AFR) ka’kg 34.3 14.7
Research octane number — 130 95
Diffusion coefficient in air cm’/s 0.61 0.05
Minimum energy of ignition in air mJ 0.02 0.24
Self-ignition temperature K 858 510-744
Flame temperature in air K 2318 2470
Flammability range (relative AFR) — 0.14-10 | 0.3-1.67

Advanced combustion control methods, also known as
smart combustion control, have already been approached,
with tailored pressure sensors for this purpose [4, 20].

To achieve a similar goal, an application of in-cylinder
pressure signal is proposed with the use of a pressure-
sensing glow plug, commonly found in current diesel en-
gines, making it a lower-cost alternative to bespoke sensor
systems.

The PSG of choice was the PSG006 sensor made by
BERU (BorgWarner). To evaluate its suitability and extend
previous research on applying a PSG as a stand-alone pres-
sure sensor [6, 17], a comparative study against a laborato-
ry-grade pressure sensor — Optrand D822D6-SP — has been
conducted. Tables 2 and 3 present the available technical
data for the sensors used.

Table 2. Beru PSG parameters as per [10]

Parameter Unit Value
Pressure range bar 0-200
Accuracy +2%
Resolution steps/cycle 700

Sensor principle piezo-resistive

Table 3. Optrand D822D6-SP parameters [11]

Parameter Unit Value
Pressure range psi (bar) 0-1500 (0-100)
Sensitivity mV/psi (mV/bar) 2.66 (38.58)
Sensor principle — optical

2. Test stand

As part of the research topic, it is planned to use the
PSG sensor for a four-cylinder liquid-cooled engine. Since
testing the suitability of the sensor requires two pressure
sensors to be mounted together in the engine combustion
chamber, it was decided to use a low-power single-cylinder
air-cooled engine for the initial stage of the research. The
engine selected for the tests was used to drive the 48 V-
range extender developed a few years ago at the Cracow
University of Technology [12, 13]. The range extender is
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attached to a light commercial electric vehicle Melex and
can charge its traction battery. The view of the test stand
based on the engine of the range extender developed for the
Melex vehicle is shown in Fig. 1.

Fig. 1. Test stand consisting of a Melex cart with a range extender ICE

Charge current can be set via a regulator mounted next
to the engine. This allows smooth adjustment of the engine
load. Maintaining a constant engine speed is carried out by
a centrifugal governor. The main technical specifications of
the range extender are presented in the Table 4.

Table 4. Range extender technical data

Engine model WEIMA 168FA
Engine type four-stroke, Sl, single cylinder
Engine displacement 163 cm®

Engine maximum power 3.8 kW at 3600 rpm

Ignition timing fixed, 27°CA BTDC
Generator type Synchronous 3-phase AC
Nominal voltage 48V
Continuous output power 2200 W

Peak overall efficiency 18.8%

During the tests, the actual ignition timing was also
measured for various engine speeds. The angle of ignition
is fixed and set to 27°CA BTDC which is a slightly higher
value than declared in the available technical specifications
of the engine (25°CA BTDC).

The engine was equipped with a crank angle sensor and
two in-cylinder pressure sensors — a BorgWarner PSG and
an Optrand D822D6-SP (Fig. 2 and Fig. 3).

Fig. 2. PSG mounted inside the spark-plug fitting adapter next to a PSG

Fig. 3. Tip view of the PSG next to the adapter

To install the pressure sensors, a brass adapter (Fig. 2)
has been designed and manufactured at Cracow University
of Technology. The glow plug seals on its conical surface
inside the adapter. The adapter has an axial channel to
house the tip of the glow plug, as seen in Fig. 3. A threaded
channel on a side wall of the adapter has been prepared, to
provide a fitting for the reference sensor. Both channels
form a single volume so that both sensors face the same
pressure conditions. The equipped adapter is shown in Fig. 4.

Fig. 4. Both sensors fitted to the adapter

The adapter with two pressure sensors has been mount-
ed into the factory spark plug fitting, while the spark plug
itself has been installed in an additional fitting that was
made in the cylinder head for the installation of a second
spark plug as part of previous research and development, as
shown in Fig. 5.

Y

Fig. 5. Adapter mounted to the cylinder head. Note: combustion chamber
view (right) does not show the additional spark plug fitting — a standard
cylinder head shown

Pressure sensors are supplied by a linear power supply.
Sensor readings were observed through a 4-channel digital
oscilloscope Tektronix TPS2024 and registered onto exter-
nal memory for further processing. A diagram of the test
stand is presented in Fig. 6.

COMBUSTION ENGINES, 2024;196(1)

141



Evaluation of a pressure sensing glow plug in terms of its application...

Range extender: Sensors:
SI ICE + Generator <:> Optrand + PSG
Crankshaft angle
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Fig. 6. Test stand block diagram
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Data processing has been conducted on a PC with
MATLAB software.

3. Sensor response analysis

To compare the two outputs of the sensors, two fuels
were used — RON 95 gasoline and a solvent with a signifi-
cantly lower RON than gasoline. The solvent used for re-
search is a hydrotreated light petroleum fraction (light gaso-
line). Several test runs were conducted, at varying engine
speeds and charge currents. Between each test run, cart
electric loads were operated to discharge the battery, and
thus, equalize tests conditions.

Figures 7 and 8 show two examples of smoothed sensor
readouts. Raw data has been smoothed with the use of
a built-in MATLAB function, based on local regression
using weighted linear least squares and a 2" degree poly-
nomial model. This process has been done to facilitate the
data processing, while maintaining key signal characteris-
tics, i.e., dynamics and local maxima.

PSG vs Optrand, Gasoline RON 95
3000 rpm, 15 A
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Fig. 7. Sensor response comparison — RON95 gasoline run

The key is to determine the pressure in both the intake
phase, as well as in the most crucial, combustion phase. The
figures show that for both fuels the PSG sensor readout is
significantly weaker, and the sensor response for increasing
pressure is slightly delayed by ~3°CA degrees. Additional-
ly, the post-peak signal level tends to drop at a slower rate
for the PSG compared to the optical sensor.

In Fig. 7 and 8 it can be observed that there are multiple
pressure readouts — for a single measurement multiple en-
gine cycles were observed, and thus, pressure pulses. After
recalculating them into the crank angle domain, they all
appear in the same spot on the crank angle axis.

PSG vs Optrand, Solvent
3000 rpm, 15 A
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Fig. 8. Sensor response comparison — solvent run

3.1. Test methodology

Since the PSG sensor datasheet is proprietary to its
manufacturer, the following approach to convert the voltage
values to pressures was proposed. For each fuel, a transfer
function

U = agyer - Upsg + bryel (1)

can be determined, according to which the pressure reading
from the PSG sensor is recalculated to the voltage levels of
the Optrand sensor. The transfer function has been chosen
so that the signals correspond to each other in the intake
phase (= atmospheric pressure), as well as the peak pressure
phase.

Firstly, the intake phase signal level from both sensors
at 100°CA was extracted. Next, the peak pressure signal
levels were noted down. Using the two pairs, both ag,.; and
br.e COefficients were determined for each data series. In
case a test run possessed multiple pressure peaks, the first
peak and a preceding intake phase were considered.

Figure 9 shows the data points used for the recalcula-
tion. In this case, the two higher peaks that are visible in
both plots, have occurred later in time than the marked ones
and were omitted.

PSG vs Optrand, Gasoline RON 95
2500 rpm, 25 A
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Fig. 9. Example of data with selected points used for signal recalculation

3.2. Sensor voltage recalculation

The recalculation of the coefficients for a variety of test
runs (between 1500 and 3500 rpm, and 10 to 25 A of load
current) proved that the coefficients form into planes in
relation to both parameters, as seen in Fig. 10 and 11 in the
form of blue asterisks.
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Fig. 10. Approximated coefficient maps for RON95 gasoline
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Fig. 11. Approximated coefficient maps for solvent fuel

Hence, it was assumed that coefficients ag, and bgye
are linear functions of the engine speed and the engine load,
expressed in the charge current of the battery.

Using the least squares method, two planes were identi-
fied, corresponding to ag,e and by, coefficients, and their
equations are as follows:

ags = 5.03-107*-n —0.0164 - I, + 2.35 @)
bos = —3.39-107* - n + 0.0096 - I, — 0.84 ©)

asolvent = 5.29+°107*-n — 0.0221 - 1. + 2.38 (4)
bsorvent = —3.80-107*-n + 0.0130 - 1. — 0.78 (5)

The planar approximations have the following coeffi-
cients of determination: 0.9306, 0.9143, 0.8044 and 0.7893.

The calculated planes have been depicted in each plot in
Fig. 10 and 11 in the form of contour lines.

By obtaining the planar function equations, the PSG
sensor readouts could be calculated for any running condi-
tion, without the necessity of recording a measurement
from the reference sensor. This assumption is only valid
within the range of tested charge currents and engine
speeds.

4. Results

The method proves to be satisfactorily accurate to recal-
culate the pressure signal from a pressure-sensing glow
plug to Optrand pressure signal levels.

PSG vs Optrand, Gasoline RON 95
2500 rpm, 25 A
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Fig. 12. Recalculated signals for RON95 gasoline

In Fig. 12, it can be visible that both the intake as well
as the peak pressure correspond well to each other from
both sensor readouts.

Results from the solvent run prove to be satisfactory as
well. However, due to poorer coefficients of determination,
less accurate signal recalculations can be observed.

In Fig. 13, it can be observed that for the run at 2500
rpm with a 25 A charge current, the intake pressure is poor-
ly reflected. Similar artifacts were observed for both fuels
for most outlying runs from the calculated planes, for low-
est engine speed and charge current set, i.e., 1500 rpm and
10 A
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Fig. 13. Recalculated signals for solvent run

As for the sensor comparison, after the recalculation, it
can be observed that the pressure reading from the PSG is
slower to drop after peak pressure is achieved, which was
not clearly visible before recalculation. The sensor readouts
converge at the end of the exhaust stroke, around 720°CA.

5. Conclusions
The method proves to be suitable for recalculating the
PSG sensor readouts to known Optrand sensor voltage

levels. During the tests, it was revealed that the sensitivity
of the pressure-sensing glow plug depends on the load and
engine speed. It was also shown that the value of the signal
also depends on the rate of pressure rise, which was in-
creased by using fuel with a low octane number. The col-
lected data shows that there is a linear dependency between
both sensor readouts of different working principle, which
can be approximated by planar equations in the domain of
engine load and engine speed.

However, the analysis of the results of the tests carried
out allowed for obtaining systematized transition functions
from the measured PSG signal to the actual value of the
pressure measured in the cylinder. This confirms the possi-
bility of using an affordable PSG sensor to control the
combustion process in a hydrogen engine. It should be
noted that the obtained relationships are preliminary, con-
firming only the initial assumptions.

To use the sensor in a developed control system, a simi-
lar calibration must be performed on the target engine. This
is due to the fact that the load carried out on the test stand
was measured as the generator charging current and cannot
be directly transposed to, for example, the brake mean indi-
cated pressure for the engine.

Nomenclature

AC  alternating current
BTDC before top dead center
PSG pressure-sensing glow plug

RON research octane number
Si spark ignition
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