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ABSTRACT

This paper describes the technique of in-cylinder ioniza-
tion sensing in a common rail diesel engine. The technol-
ogy detects in real time, the start of combustion for both
pilot and main combustion enabling the fuel control strat-
egy to change from open to closed loop, thus, maintain-
ing the desired start of combustion for all speeds and
loads. Additionally, the ionization sensing enables the
ECM to truly correct for changes in ignition delays caused
by as an example a change in fuel cetane number or in
air, fuel and engine temperature. The conclusions are
that ionization sensing improves the ability to control a
diesel engine and is a feasible technology for production
vehicles.

INTRODUCTION

To meet the stringent emission legislation of the future,
high speed direct injection diesel engines will require
higher fuel injection pressure and multiple injection
events. Pilot injection or multiple pilot injections, will be
used to reduce audible noise and NOx. Main injection
with rate shaping will be used for torque pulse control.
Post-injection will be used to supply HC for an active de-
NOx catalytic converter. This requires a high precision
fuel injection system. Today, the required precision is
controlled by small mechanical tolerances in the injector,
making the fuel injection system costly and difficult to
produce.

BACKGROUND

Over the last few years, there has been an increasing
interest in ionization sensing technique for spark ignition
(SI) engines. Several papers have described the advan-
tage of utilizing ionization sensing over crankshaft veloc-
ity fluctuation measurement for 100% misfire detection at
all speeds and loads as required by OBD-2 [1][2]. This is
especially the case for engines with more than 4 cylin-
ders.
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The detection of knock by using band-pass filtered ion-
ization sensed data is also an established method [2].
Recent studies have also shown that the ionization sense
signal can be used to predict the in-cylinder pressure
[3][4][5] and the local air fuel ratio at the spark plug in SI-
engines [6][7]. The application of ionization sensing tech-
nology in diesel engines has not been explored as well
and only very few publications can be found.

To meet future diesel emission legislation a closed loop
fuel delivery control will be required[8]. Today, production
feasible technologies to monitor fuel deliveries are cylin-
der pressure and needle lift sensors. The disadvantages
with needle lift sensors are cost, increased complexity
and only the start of injection (SOI) and not the start of
combustion (SOC) can be detected. SOC is the parame-
ter which controls the performance and emissions of the
engine.

Cylinder pressure sensors are also costly and have a
drawback when pilot injection is used because it is diffi-
cult to extract both pilot and main combustion information
in real time. This is quite troublesome since the trend is to
reduce the pilot injection quantity to a minimum. A small
pilot injection quantity is difficult to detect with the cylin-
der pressure signal. This paper proposes to use ioniza-
tion sensing as a cost effective alternative for closed loop
fuel delivery control.

IONIZATION SENSING TECHNOLOGY

BASIC THEORY — The combustion of fuel in the cylinder
is basically a complex set of thousands of chemical reac-
tions. What many of the chemical reactions have in com-
mon are that they produce free electrons by chemi-
ionization. Chemi-ionization occurs during an exothermic
reaction when the released reaction energy is large
enough to ionize one of the reaction products[8]. The
most important chemi-ionization reaction in flames has
been found to be (1).

CH+OM - CHO" + € (1)



H,;O" is also another dominating ion. This ion is formed
via a charge transfer reaction according to (2).

CHO" + H,O0M - H,O" + CO )
Since the reduction, reaction (2), is faster than the pro-
duction, reaction (1), the concentration of H3O" ions is
much higher than of CHO™.

As the temperature rises in the combustion chamber,
additional free electrons are produced by thermal ioniza-
tion processes. This process can be described as in
reaction (3), where M represents a generic molecule, M*
iS a generic positive ion, e is an electron and E;y,, is the
ionization energy.

M+E,, - M" +e”

3
The ions produced by chemi-ionization and thermal ion-
ization will after a short time recombine with an electron
and form a more stable molecule. The ions have different
recombination rates, some ions recombine quickly, while
others have longer residual time. An example of a recom-
bination process is shown in reaction (4) where the ion
H;O" produced by reaction (2) is removed by recombina-
tion with an electron to form water and a hydrogen atom.

IONIZATION MEASUREMENT
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Figure 1. Free electrons produced by the combustion is
the origin of ionization sensing technology.

By introducing a positive DC voltage inside the combus-
tion chamber an electrical field is created, Figure 1. The
electrical field will attract the negative charged species
and a small current is generated from the sensor to elec-
trical ground. The electrical ground is the piston and the
combustion chamber walls. The current is traditionally
called “ion current”. However, this is a misleading name
since even if the majority of the electrons are attached
and only a minority are free [5] it is still the electrons that
are responsible for most of the current due to their lower
mass and therefore higher drift velocity [4][5][6].

IONIZATION SENSOR - In an Sl-engine the DC voltage
is applied after the ignition event to the existing spark
plug, therefore the sensor and location are given. In a
diesel engine, however, the ionization sensing device
must be designed for the purpose. For this study a spe-
cially designed ionization sensing probe has been devel-
oped, Figure 2.
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Figure 2. lonization sensor used during the study.
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Figure 3. Schematic drawing of the ionization sensor
mounting. (Cylinder head very schematically
showed).

The design is simple, a metal core as the conductor, a
metal shell, two ceramic rings to insulate the core from
the metal shell and a locking nut. The sensor is designed
to fit into a modified glow plug hole of the engine, Figure
3. The modification was made to the glow plug holes to
enable in-cylinder pressure measurement with Kistler
pressure sensors type 6123. For implementation in pro-
duction vehicles, however, the only feasible alternative is
to combine the ionization sensing function with the exist-
ing glow plug. The key benefits of combining the ioniza-
tion function with the glow plug are that no engine
modifications are required and also that the location of
the glow plug is beneficial for sensing.

IONIZATION SIGNAL — The core part of the simple mea-
surement circuit is shown in Figure 4. A capacitor is
charged during the inactive period of the engine cycle to
a voltage U. Before the combustion can theoretically take
place, the voltage is applied to the ionization sensor



(steel conductor in Figure 2). During the combustion, a
small current flows through the combustion chamber to
engine electrical ground. The absolute current level
depends on the sensor design and the sensor voltage but
is generally in the order of 1 to 10 pA / V (sensor voltage).
The current is measured inside the engine control mod-
ule (ECM) with a sense resistor, creating a voltage signal
AV called ionization signal. This signal is proportional to
the applied sensor voltage U and the ionization in the
vicinity of the sensor.
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Figure 4. The core part of the ionization sense
measurement circuit in a diesel engine

ENGINE DATA

MAIN COMBUSTION DETECTION - A study was per-
formed on a 4 cylinder 2,0 liter direct injection common
rail engine. Figure 5 - Figure 9 shows the in-cylinder
pressure and ionization signal for three different injection
timings at the same engine speed and load point. The
ionization signal is the differential voltage output defined
from the ionization current, Figure 4. SOIPLSM (Start Of
Injection Pulse Main) is the crank angle for the start of the
electrical pulse to the injector’s solenoid from the ECM.
The difference in the SOIPLSM timing curves are always
2 crank angle degrees. The data was recorded in a
steady state operation in an engine dynamometer. Since
the ionization signal is measured locally in the combus-
tion chamber the signal can vary from cycle to cycle. To
minimize the influence of cycle to cycle variations, the
data are averaged over 100 cycles.
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Figure 5. Idle speed, 800 rpm for 3 different injection
timing. 2 crank angle degrees difference.
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Figure 6. 1500 rpm, 32 Nm load for 3 different injection
timings. 2 crank angle degrees difference.
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Figure 7. 1500 rpm, 64 Nm load for 3 different injection
timings. 2 crank angle degrees difference.
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Figure 8. 2000 rpm, 16 Nm load for 3 different injection
timings. 2 crank angle degrees difference.
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Figure 9. 2000 rpm, 80 Nm load for 3 different injection
timings. 2 crank angle degrees difference.

PILOT COMBUSTION DETECTION — The developed
ionization sensing system was also tested when pilot
injection was employed. Figure 10 shows the in-cylinder
pressure and ionization signal (as defined in Figure 4) for
one measurement with no pilot injection and three mea-
surements with different pilot injection quantities and tim-
ings. The main injection timing and the total injected
quantity (pilot + main) is the same for all measurements.
The timing is defined as the start of the electrical pulse
from the ECM and all measurements are at the same
engine speed and load point, 1500 rpm and 32 Nm load.
The data shown is based on average data over 100
cycles.
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Figure 10. Rate of heat release and ionization signal for
pilot and no pilot injection

Figure 11 shows the calculated rate of heat release and
the ionization signal for the same comparison data as in
Figure 10. As can be seen from these figures, the ioniza-
tion signal can also be used to detect the start of com-
bustion of the pilot injection.

During the study, a number of different pilot injection
guantities ranging from 3 mm? down to 0,6 mm® were
tested. A large variety of different pilot and main injection
timings were also tested. The finding was that the ioniza-
tion signal amplitude is dependent on both the injection
guantity and timing.
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Figure 11. lonization signal for with and without pilot
injection at 1500 rpm, 32 Nm load.

The minimum detectable quantity depends on many dif-
ferent properties such as the engine design, engine
speed and load, coolant temperature, air temperature,
fuel quality but most of all the injection timing. Figure 12
illustrates the ionization signal dependence on injection
timing.

To minimize the influence of cycle to cycle variations the
curves are average data over 100 cycles. At this condi-
tion the maximum amplitude was achieved at the start of
combustion timing around 5 degrees BTDC. As the tim-
ing was more advanced or retarded the amplitude
decreases due to the lowering of the combustion temper-
ature.

The injections shown in Figure 12 were made without any
main injection and consequently the combustion cham-
ber temperature was much lower than normal. During the
study, much smaller pilot injection quantities and more
advanced timings were detected than shown in Figure
12.

Q18

0164 - .. .=

Q14

o
S
8
"

1= — =
- .- -30=-59
A=-29
—— =401
——=+31

lonization Signal (V)
g =

8

I=
S

o

Figure 12. lonization signal for different injection timing at
1200 rpm and fixed pilot quantity at 2,5 mm?3. 3
crank angle degrees between the curves.



CLOSED LOOP INJECTION TIMING CONTROL

IONIZATION SENSED START OF COMBUSTION — The
difference in ionization signal before the combustion and
after combustion has started is quite pronounced Figure
5 - Figure 9. This makes ionization sensing suitable for
start of combustion detection. By utilizing ionization sens-
ing the fuel control strategy can be changed from open to
closed loop, thus, maintaining the desired start of com-
bustion for all speeds and loads.

START OF COMBUSTION DETERMINATION — The

start of combustion crank angle position detected by ion-
ization sensing is defined as the moment when the first
derivative of the ionization signal passes a pre-defined
threshold level, Figure 13. To obtain a fast and precise
detection the threshold level must be set as close to zero
as practically possible. However, since a derivative signal
is noise sensitive, the signal must first be passed through
a low pass filter to minimize the risk of false detection.

What does the ionization signal based SOC mean? In
theory, the production of free electrons starts when the
combustion begins. In practice, the detection is some-
what delayed by the need for a sufficient change in signal
and some delay in the electronic circuit. In comparison
with the SOC determined by the derivative of the cylinder
pressure or rate of heat release the ionization SOC
detection is up to a few crank angle degrees later. This
angle difference between SOC detection techniques are
engine speed and load dependent. The delay itself does
not have any negative impact of the performance of the
closed loop injection timing control. It is important to keep
in mind that for applications in production, it is not neces-
sary to detect the physically correct SOC but to detect a
combustion timing event that is robust and repeatable
across all cylinders and engines. The goal is to eliminate
the part to part variations in the fuel injection system and
to maintain the performance of the engine. The ionization
sensed SOC detection is capable of meeting these
requirements.
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Figure 13. Definition of ionization sensed SOC detection.
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Figure 14. Timing control strategy for ionization sensed
closed loop start of combustion control.

A benefit of moving to a start of combustion based closed
loop system is that it enables the system developer to
apply a straight forward approach based on a physical
model. Additionally, the start of combustion detection
enables the ECM to correct for changes in ignition
delays; such as, fuel cetane number and changes in air,
fuel and engine temperature. Figure 14 shows an exam-
ple of an ionization based closed loop injection timing
control strategy. The timing control is cylinder individual
and compensates for injector to injector timing toler-
ances. The desired SOC timing is determined primarily
on engine speed and load. The start of electrical pulse to
the injectors is corrected based on the difference
between the desired and a running average of the actual
SOC.

EGR

The use of exhaust gas re-circulation, EGR is another
key technology to meet future emission legislation. The
purpose of EGR is to lower the combustion temperature
in order to lower the rate of formation of NOx. The use of
EGR will therefore lower the ionization rate and conse-
guently the amplitude of the ionization signal.

Figure 15 shows the impact of EGR on the ionization sig-
nal. Four different EGR measurements were conducted
with one measurement at 0 EGR. All four measurements
are recorded at the identical speed and load point (1500
rpm, 32 Nm). As can be seen from Figure 15, increasing
EGR valve opening reduces the ionization signal ampli-
tude and consequently the integral of the signal. For the
study the EGR rate was defined by the calibration of the
engine to meet EURO IIl emission legislation. The lower-
ing of the ionization signal amplitude due to EGR did
however not affect the ability to detect the start of com-
bustion.
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SOOT CONTAMINATION

Increasing use of EGR can increase soot production in
the combustion chamber. One of the potential problems
for the ionization sensing technique is that soot could
cover the sensor. The soot is conductive and can, if
excessive, lead to a lowering of the resistance from the
ionization sensing element to electrical ground, Figure
16.
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Figure 16. Leak current caused by soot.

This problem has to be taken into consideration at the
design of the sensor since, undoubtedly, the sensor will
be covered with soot and it is difficult to prevent the soot
from attaching the probe. Making the path between the
sensing element to electrical ground as long as possible
is one precaution to be taken when the ionization sensing
system is designed.

An additional advantage of combining the ionization
sensing function with the glow plug is that it allows the
possibility for self cleaning. One control scheme involves
measuring the resistance between the sensor to electri-
cal ground before combustion takes place. If the resis-
tance is below a predefined value the glow plugs are
activated and the soot is burned off the sensor. This can
be done while the engine is running without any loss of
SOC detection. After the glowing has been activated for a
time the glow plugs are de-activated and the resistance is
measured again to see if the sensor is cleaned.

DIAGNOSTICS

The ionization sensing technique which provides a real
time combustion feedback increases the diagnosing abil-
ity of the system. The measurement of ionization sensing
enables the following diagnostic features:

 Misfire detection

« Injector stuck open

* Close loop combustion timing too early
« Close loop combustion timing too late

The failure modes that can be detected by these diagnos-
tics include the following:

« Incorrect fuel: such as gasoline, kerosene

* No combustion in cylinder: Injector stuck closed, fuel
leaks, flow limiter restriction

» Excessive combustion or combustion starting to
early: Injector stuck open or leaking inside combus-
tion chamber

« Excessive variation in the fuel injection system com-
ponents (injector, sensors, ECM etc.)

SUMMARY

The technique of in-cylinder ionization sensing in a com-
mon rail diesel engine has been described. The technol-
ogy detects in real time for every engine cycle and for
every cylinder the start of combustion. A design of a sim-
ple ionization sensor was presented. For production
applications it is suggested that the ionization feature be
combined with the glow plug. The main reasons are the
favorable sensor location and the ability to “self clean” the
sensor from soot deposits by heating. Engine data from a
2,0 liter common rail engine has shown that ionization
sensing is capable of detecting the start of combustion
for both pilot and main combustion. A definition of how to
extract the SOC information from the ionization signal
was presented and a possible closed loop injection timing
control strategy was exemplified. The lowering of the ion-
ization signal amplitude due to the lowering of combus-
tion temperature caused by EGR was discussed. The
importance of designing the ionization sensing system to
withstand soot particles covering the sensor was also
stated. Finally a summary of ionization sensing capability
to improve diagnosis the fuel injection system was pro-
vided.

CONCLUSIONS

The requirements for fuel injection systems on diesel
engines are extremely challenging, this is especially the
case for the need of a small and precise pilot injection.
The ionization sensing technique shows a large potential
to contribute to meeting these requirements and improve
the ability to control a diesel engine.



The ionization measurement and the determination of
SOC are simple and straight forward. To design a probe
that can survive during a limited number of hours in a
research program is not so difficult. For implementation in
production engines an alternative is to combine the ion-
ization sensing feature with the already existing glow
plug, mainly due to it's location but also for it's ability to
“self clean” the sensor from soot deposits. Undoubtedly,
for a successful implementation of an ionization sensing
system in production vehicles the soot contamination of
the sensor must be taken into consideration in the sys-
tem design.

Engine data shows that ionization sensing can be used
for real time detection of the start of combustion for both
pilot and main combustion. Furthermore, ionization sens-
ing enables the fuel control strategy to transform from
open to closed loop operation, thus maintaining the
desired start of combustion for all speeds and loads. The
SOC detection also enables the ECM to correct for
changes in ignition delays; such as, fuel cetane level and
changes in air, fuel and engine temperature.

The use of EGR will lower the ionization signal amplitude.
With increasing EGR the amplitude will decrease due to
the lowering of combustion temperature. In our study,
performed on an engine meeting EURO Il emission leg-
islation, the decrease in signal amplitude was not to such
an extent that the information was lost.

Thanks to the direct combustion feedback, ionization
sensing provides the ability to diagnose the fuel injection
system as will be required by future OBD.

The overall conclusion is that ionization sensing is a fea-
sible technology for production diesel engines and a cost
effective alternative for performing closed loop fuel con-
trol .
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DEFINITIONS, ACRONYMS, ABBREVIATIONS

BTDC: Before Top Dead Center

ECM: Engine Control Module

EGR: Exhaust Gas Re-circulation

EMS: Engine Management System

EOBD: European On Board Diagnostics

EURO llI: The third phase of European emission
legislation from year 2000

OBD: On Board Diagnostics

SOC: Start Of Combustion

SOI: Start Of Injection

SOIPLSM: Start Of Injection PuLSe Main: The start of
the electrical pulse to the injector solenoid for the main
fuel injection.





