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ABSTRACT

Homogeneous charge compression ignition (HCCI),
combustion has the potential to be highly efficient and to
produce low NOx, carbon dioxide and particulate matter
emissions, but experiences problems with cold start,
running at idle and producing high power density. A
solution to these is to operate the engine in a ‘hybrid
mode’, where the engine operates in spark ignition mode
at cold start, idle and high loads and HCCI mode
elsewhere during the drive cycle, demanding a seamless
transition between the two modes of combustion through
spark assisted controlled auto ignition. Moreover; HCCI
requires considerable control to maintain consistent start
of combustion and heat release rate, which has thus far
limited HCCI’s practical application.

In order to provide a suitable control method, a feedback
signal is required. This paper will investigate the use of
an ion-current sensor in HCCI combustion in order to
extract and quantify combustion measurants, with
particular reference to control applications. A
presentation of results of ion-current sensing for
monitoring combustion under steady state operation,
over a variety of speeds and trapped residual gas
amounts is made. The results show that estimation of
cylinder pressure parameters through the ion signal with
promising accuracy is shown, and ion-current is proven
to be a cost effective and adequately informative
feedback signal for both SI and HCCI engine control.

INTRODUCTION

Homogeneous charge compression ignition (HCCI), has
the potential to be highly efficient and to produce low
NOx, carbon dioxide and particulate matter emissions,
but experiences problems with cold start, running at idle
and also at producing high power density. A solution to
these problems is to operate the engine in a ‘hybrid
mode’, where the engine operates in HCCI mode at low
and medium loads while switching to spark ignition (SI)
mode at a cold start, idle and higher loads. In order to
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achieve acceptable drivability a seamless transition
between the two modes of combustion must be attained.
In addition, HCCI requires considerable control to
maintain consistent start of combustion (SoC) and heat
release rate (dQ), especially during transient
performance. Because no cost efficient control method
has been found that would allow the aforementioned
problems to be solved, HCCI's practical applications
have been limited.

In order to provide a suitable control method, it is clear
that a feedback signal is required but existing production
engine sensors are inadequate for this task. The most
straightforward answer would be to use a cylinder
pressure sensor, but there are issues of high cost and
low long-term reliability with this method. Alternatively, an
ion-current sensor could be used as it is the most cost
effective in-cylinder combustion sensor available.

lon-current signals have long been investigated as a
combustion diagnostic tool [1-6]. In Sl engines the
prevailing conditions during combustion cause ionization
of the gases inside the cylinder. This ionization occurs
mainly in two phases. The first phase occurs during
combustion as fuel reacts with oxygen, and is defined as
the chemical phase. The second phase is defined as the
thermal phase, and occurs due to compression of burnt
gases when fuel further away from the spark plug is
burned [7]. By applying a voltage through these gases, a
current will be produced since the ionized gasses are
conductive, and further information can then be deduced
from this ion-current signal [6, 8].

The most obvious way to apply a voltage inside the
cylinder is to use two existing electrodes; the spark plug
tips; but this approach has some inherent problems. In
most engines there is one plug per cylinder, which must
generate the spark as well as measure the ion-current.
Because the spark generating voltage is substantially
higher than the typical voltages used in an ion-current
measuring circuit, the latter has to be protected
somehow. Furthermore; all approaches that measure
ion-current signals from the ignition spark plug suffer



from the fact that no meaningful information can be
gathered until the ignition circuit has been fully
discharged. Consequently, the initial stage of
combustion, which corresponds to the start of the
chemical phase of the ion-current signal, cannot be
recorded [9, 10]. This becomes even worse at high
speeds where less time is available for the coil ringing to
‘dump down’ [11]. Another significant problem of
measuring ion-current through the firing spark plug is
that since the initial stage of the combustion cannot be
well measured, the best signal is derived from the
thermal phase of the signal. However, this becomes less
significant with reduced load and can disappear for load
settings less than 75%, thus severely limiting the
usefulness of the ion-current signal.

All this becomes even more exacerbated by the fact that
for HCCI combustion, the signal acquired displays only
one peak. Given the relatively low engine cycle
temperature, the ion-current from this type of engine is
thought to come mainly from chemi-ionization [12]. Since
in HCCI there are low concentrations of NOx , the ion-
current signal results from ions in the reacting gas, i.e.
when the electrode gap is in the reaction zone. The
reaction zone might be created either due to flame
propagation, (low TRG%), due to auto-ignition, (high
TRG%), or a combination of the two in medium TRG%.
Provided these problems can be overcome, ion-current
becomes a suitable and computationally inexpensive
means of acquiring data from the HCCI combustion
process.

This paper will investigate the potential of using an ion-
current sensor (in a separate location to the spark plug)
in HCCI combustion in order to extract and quantify
combustion measurants, with particular reference to
control applications. A presentation of results of ion-
current sensing for monitoring combustion under steady
state operation, over a variety of speeds and trapped
residual gas amounts is made. The results show that the
ion signal is sufficiently high to be used during HCCI
under all speeds and loads. Estimation of cylinder
pressure parameters through the ion signal with
promising accuracy is shown. Overall, ion-current is
proven to be a cost effective and adequately informative
feedback signal for both SI and HCCI engine control.

EXPERIMENTAL STUDY

The engine employed in this research was a single
cylinder, gasoline port fuel injected, 4-stroke research
engine based on a GM Family One, 1.8L series
architecture, shown by the photograph of Figure 1. A
standard 4-cylinder head is mounted on top of a water
cooled barrel, with a custom made bottom end. Only the
front cylinder of the head is operational. A fully variable
valve timing system named Active Valve Train (AVT);
manufactured by Lotus Engineering; was fitted to allow a
variable valve timing strategy. Variable quantities of
trapped residual gas (TRG) can be captured in this way.
For this investigation, the CR was set at 10.5:1. (It is

worth noting that intake air temperature was maintained
at a room temperature of 20 degrees Celsius)

Figure 1. Singl-cylinder research engine with AVT
system

The engine was connected to a Froude AG30 30kW
eddy-current dynamometer. A redline ACAP data
acquisition system from DSP Technologies Inc. together
with a Kistler 6123 piezoelectric pressure transducer and
a Horiba MEXA 7100 DEGR emissions analyzer. Port
fuel injection was employed, managed by a conventional
Lotus V8 engine controller. High speed data were
sampled at one degree crank angle intervals. This
sample rate is sufficiently high to obtain the salient
features of the ion-current signal (as a combustion
performance indicator), whilst coarse enough to be
realistically used as part of a real time engine control
strategy that is compatible with conventional car
electronics.

Three combustion regimes were investigated; SlI, HCCI
and SA-CAI (which occurs in transition regions between
Sl and HCCI) and where a spark is used to position heat
release in the correct time window. This region is not the
same as HCCI where ignition occurs due to
compression. To enable this investigation, the valve
strategy involved two separate profiles, one for CAI/HCCI
and one for Sl operation. The CAI/HCCI profile had a
fixed lift of 2.5mm and fixed duration but variable
overlap, which was changed from positive to negative in
variable step sizes until the misfire limit was reached. For
high power Sl operation a high lift (8mm), long duration
valve profile was used. During HCCI operation the load
was controlled by changing the overlap, so the engine
manifold was unthrottled. During SI operation an
electronic throttle was used to adjust load. The throttle is
also responsible for controlling the engine load during
immediate transitions from Sl to HCCI and back to SI.

In order to acquire the ion-current signal an ionization
probe was located in the four-valve cylinder head
between one of the inlet and one of the exhaust valves
as shown in Figure 2. The probe was electrically isolated
from the cylinder head by means of a ceramic sleeve.




The diameter of the sensing element was slightly less
than 1mm, and the tip protrusion into the combustion
chamber was approximately 3.5 mm.
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Figure 2. Photograph of cylinder head showing the
location of the ionisation probe

Since the mass of positive ions, such as H30+, is
approximately 30,000 times larger than that of an
electron (negative charge), the light electrons can be
accelerated much more easily towards the positive
electrode than the heavy ions [13], when driven by an
applied electromagnetic field. The voltage polarity at the
gap of sensing spark plugs was therefore selected such
that the small area centre electrode was positive, and the
rest of the combustion chamber was negative. This
coincides conveniently with the original engine polarity
where the engine block is negative.
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Figure 3. Voltage source circuit diagram

A one-off DC voltage source shown in Figure 3, was
used to power the measuring probe. The DAQ board
was fed the output of the voltage divider as the ion-
current signal, which was inversely proportional to the
sensed ion-current (i.e. 5V for zero ion-current and 0V
for infinite) to avoid the possibility of damage caused due
to excessive voltage. The signal was then inverted during
the post processing phase.

Issues like fuel additive effects and carbon
contamination of the sensor were not examined.
However, other studies [11] have shown that fuel
additives affect mainly the amplitude and not the shape
of the ion signal curve. As such, it was reported that they
can be overcome through data normalization. Soot
contamination, although not a major problem in gasoline
engines, could be resolved through techniques like auto-
calibration by measuring the resistance of the ion sensor
prior to combustion [14].

RESULTS AND DISCUSSION
HCCI COMBUSTION

The fuel used throughout this experimental study was
commercial gasoline (950N) having a carbon to
hydrogen ratio of 1.79, whilst the AFR was kept at a
stoichiometric ratio. The engine was initially tested under
conventional Sl operation mode. Then TRG quantity was
gradually increased, thus moving from pure flame
propagation, to SA-CAI, and then to HCCI as shown in
Figure 4.
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Figure 4. Typical pressure signals and valve profiles at
various TRG levels

The amount of TRG noted in this paper is the molar ratio
of fresh charge to exhaust gasses, it was calculated
using a zero dimensional thermodynamic model and
equation (1).

Charge _ Moles

%TRG = X
(Charge _Moles +TRG _Moles)

100
(1)

Charge is calculated through measurements of the air
and fuel mass flows. TRG is calculated through the




application of the ideal gas law PV = NRT at exhaust
valve closure. P and V are both known, while
temperature is taken from a reading of the exhaust
gases, and N in this case is the amount of TRG moles .
The slow response nature of the thermocouple and the
effects of the expansion into the exhaust imply an
underestimation of the temperature, and hence an
overestimation of the number of moles of TRG.
However, its usage without any correction factors
guarantees the production of nominal values which still
correctly capture the changes among TRG levels without
suffering the problems that plague NVO-related methods
(which, for example, neglects speed).

The maximum amount of TRG that the engine will accept
depends on the engine speed. Thus an amount of TRG
that is on the edge of HCCI at one speed might be in the
middle of the operating region, at another. As such, it
does not always make sense to speak in absolute terms
of TRG%, especially as TRG tolerance is a very engine
specific issue. In this paper, TRG% will be described as
low, medium or high, rather than assigning absolute
values that cannot be extrapolated to different research.

The entire HCCl and SA-CAl operating range was
investigated varying the speed over a range between
1500rpm to 3500rpm. In the area surrounding this range,
Sl operation was used. Figure 5, shows the speed and
load, (in terms of IMEP), and the corresponding amount
of TRG that was used for load control, where negative
valve overlap (NVO) is limited by zero TRG and misfire.
It can be seen that NVO, the controlling parameter of
TRG, can’'t be the same in all speeds, and that the IMEP
with HCCI can’t be the same at all speeds.
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Figure 5. HCCI operating range
ION-CURRENT SIGNAL INTERPRETATION
In a gasoline engine operating in dual mode, four groups

of parameters must be known in order to control the
combustion process. These are; misfire and preignition

detection (so that operating conditions leading to
unstable combustion can be avoided); calculation of
TRG levels (as load is controlled in HCCI mode through
TRG); combustion performance parameters (so that the
engine performance can be monitored); and finally ITA
(which is used for engine control outside the HCCI
envelope). Each of these groups will now be examined.
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Figure 6. Cylinder pressure trace and corresponding ion-
current signal

In order to control a gasoline engine operating in HCCI
mode, a number of features must be monitored on a
cycle by cycle basis. The simplest of these are misfire
and preignition detection. In Figure 6, three consecutive
cycles are shown during unstable SA-CAI operation. In
the first cycle where the ion-current signal starts after
TDC, the peak pressure of combustion is within normal
levels and position. In the next cycle a misfire happens
and no ion-current is present, (providing a simple way to
monitor the engine for this event). However, during the
following TRG compression and expansion, the mixture
ignites, and is manifested by the presence of ion-current
signal during that period [18]. Additional mixing of the
charge and TRG during expansion and exhaust stroke
(or at least the part of the exhaust stroke that the
exhaust valve is open) results in ignition during TRG
compression, due to better mixing and increased time
history of high pressures and temperatures that break up
the fuel. In the third cycle, the ion-current signal starts
before TDC since an early combustion, an elevated in-
cylinder pressure and early peak pressure position (PPP)
occurs. After a TRG compression and expansion that
experiences heat release, it is usual for early combustion
to occur in the next cycle, due to the very high
temperature of the TRG gases which result in early
ignition of the fresh charge.

COMBUSTION PERFORMANCE AND ION-CURRENT
SIGNAL

Although  important  conclusions  regarding the
combustion process can be drawn by inspection, and



simple diagnostics can be performed directly through the
ion-current signal, more detailed analysis yields greater
insight. In order to do this, four basic characteristics of
the ion signal curve were extracted and compared to
combustion parameters. As shown in Figure 7, these are
the signal start, the signal slope, the ion-current 50%
position and the signal peak. It has to be noted here that
the signal peak includes two measurants, the signal
strength, and the signal peak position (X and Y
coordinates).
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Figure 7. Signal Measurants from ion-current signal

lon-current can also be used to determine PPP, or
similar combustion parameters like MFB50 and
maximum rate of heat release (dQ MAX). Determining
any of these is important in any engine, however in HCCI
(where control of SoC and heat release rate are
notoriously difficult), it is almost essential. It has to be
noted here that in gasoline HCCI engines, combustion
modes change from flame propagation only (low TRG%)
to flame propagation with end-gas auto ignition (medium
TRG%) and finally bulk auto ignition (high TRG%). As
these modes change, different relationships occur
between PPP, MFB50 and dQ MAX, in contrast to SI
engines where their correlation is far simpler.
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Figure 8. Start of ion-current vs. combustion
characteristics

The second method is to correlate the 50% ion-current
signal as suggested by [15], and the third method is to
correlate the position of signal peak. In all three
methods, a linear correlation is used and the resulting
PPP estimation has an RMS error of less than 2 CAD.
However, the estimation is improved when using the
peak ion-current position as the signal is stronger and
thus the signal to noise ratio (SNR) is better. Figure 9
and Figure 10 show the 50% and peak signal
correlations with PPP respectively, again at 3000rpm
medium TRG%.

Correlation Coefficient 0.90693 - RMS error 1.319
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Figure 9. Position of 50% ion-current vs. PPP
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Figure 10. Peak ion-current position vs. PPP

Although a linear estimation is a simple technique and
yields acceptable results, it becomes more difficult to
implement when a greater range of engine operation is
examined, such as varying amounts of TRG. Figure 11
shows the average start of ion-current signal and PPP
averaged from 500 cycles across the whole HCCI
operating region between 1500 rpm and 3500 rpm, and
from S| to maximum TRG% (misfire limit). The same
trends are repeated if 50% ion-current or peak ion-
current were plotted instead of start of ion-current.



Correlation Coefficient 0.87346 - RMS error 1.0854
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Figure11. Start of ion-current signal and PPP at various
speed

It is obvious that the estimation accuracy reduces if the
same linear equation is used for the whole TRG
spectrum, regardless of the correlation parameter
employed. This is because combustion modes change
with varying amounts of TRG thus affecting the signal in
more than one way, so estimation precision could be
further increased through the use of more advanced
signal interpretation techniques correlating more than
one ion-current characteristic to PPP, such as ion-
current slope. Nevertheless; correlation coefficients
remain high, even with the simple linear approach. This
indicates that ion-current could, if computational power is
an issue, be directly/linearly correlated for combustion
analysis purposes.

Correlation Coefficient 0.7641 - RMS error 2.6367
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Figure 12. Cycle to cycle peak ion-current vs. PPP

On a cycle to cycle basis and considering the whole
HCCI operating envelope, the graphs seem a lot less
attractive. Figures 12 and 13 show the correlation of PPP
to peak ion-current position and highlight the problem
that early peak cylinder pressures show on the zero line.
This can be overcome by using a different measurant
(e.g. MFB50), but for a real time control application, it is
quicker and more straightforward to extract signal peaks.
Despite these issues, the correlation coefficient is still

high, and the RMS error is only increased to 2.64 deg
CAD.

Correlation Coefficient 0.83595 - RMS error 0.0017853 - RMS CAD error 3.0226
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Figure 13. Cycle to cycle peak ion-current vs. PPP

Transforming the acquired signals on time domain, (by
dividing them by RPM) provides a better insight into this
problem as data from different speeds are better
separated. As can be seen in both cycle to cycle figures
however (Figure 12 and Figure 13), there is a “leg” of
data points that breaks off the main diagonal correlation.
Although not easily identifiable on the graph, analysis
showed that the percentage of data points on this “leg”
are relatively small (<5%), so this is not a major source
of error.

A possible explanation for this feature might be that the
different knocking modes, that result in different acoustic
or oscillation modes that may occur in a combustion
chamber depend on mixture distribution, which can vary,
even under the same operating conditions [16]. These
modes can vary between circumferential and radial and
also have different shapes, within their domain. More
advanced interpretation technique will improve results by
taking in account more than one ion-current parameters,
i.e. by not looking at peak position of ion-current alone.
However, the only way to radically improve accuracy
would be to use more than one ion-current sensor. This
would give a more complete, and less localized, picture
of the combustion process.

From the foregoing discussion, it becomes apparent that
ion-current lends itself to an easy and cost effective
solution to combustion diagnostics, during HCCI
operation. A simple integration of the signal can reveal
misfires, while the position of the start, 50% or maximum
of the signal can be used to determine more intricate
combustion properties like peak pressure, MFB50 or
dQmax positions. Its strength or slope can determine
dilution levels. Irregular positioning of the signal, like very
early or very late in the combustion cycle, can reveal pre-
ignition or partial late combustion, and its absence
indicates misfire.

Using a simple linear relationship between the ion-
current measurants and combustion parameters will



provide fast and computationally feasible prediction
capabilities, of adequate precision, which could be used
in a cycle to cycle control strategy. Results of less than 3
CAD RMS combustion prediction error where obtained.
For comparison, a current map based ignition system for
Sl engines is capable of controlling PPP to about the
same value, on a new engine.

TRG LEVELS AND ION-CURRENT SIGNAL

For combustion phasing within a reasonable operating
window (as employed in a commercial engine), a quite
important feature of the slope of the ion current signal is
that it can be used to determine the TRG%. The
positioning of the combustion phasing can be trimmed by
varying ITA and verified using ion-current start, peak (or
other chosen measurants) as a feedback signal. It is
worth emphasizing again that during all but a few ‘pure-
HCCI’ operating points, a spark was used to position
heat release during the desired time window. The PPP
values for the data in figures 14 and 15 ranged over 8
CAD, thus within this relatively small operating window,
both signal strength and slope of ion-current signal show
a very good relation to TRG levels.

In practice this is highly important because variation of
intake air temperatures, manifold absolute pressures,
coolant temperatures, air humidity and a host of other
unknowns such as engine wear, might change the
amount of TRG, and this is difficult to express with
mathematical models and knowledge of valve timing. By
having an in-cylinder sensor, what can be termed as the
“effective TRG” can be determined via one of two simple
methods.

2.5+ \ 4

Peak lon Current (Volts)

50 60 70

Figure 14. lon-current signal strength as a function of
TRG% at 3000rpm

The first method of finding TRG level is by measuring the
ion-current signal strength, shown in Figure 14.
Increasing TRG quantity results in a decrease in the
measured ion-current signal, and a linear correlation is
exhibited between the two parameters. It is important to
note that in spite of this decrease, the ion-current signal
always remains within measurable range. Moreover,

higher sensor voltages or signal amplification could be
used in applications where signal strength becomes an
issue.

The second method of determining the effective TRG
levels is through the acquisition of the ion-current signal
slope. Again, the slope decreases as the TRG amount
increases, although not in a linear fashion, as shown in
Figure 15. By assuming a simple model that considers
the signal start as the point of which the ion-current
sensor detects any ion activity within a close range of its
vicinity and the signal peak as the point of which full
activity is apparent, the slope becomes a measure of the
time taken between these two events. With this in mind it
can be inferred that fast combustion will be presented as
a steep slope while slow combustion will give milder
slopes. As such, TRG amounts that result in fast
combustion will give the steepest slopes. This happens
half way between pure Sl and pure HCCI operation, the
exact point depending on factors such as compression
ratio and combustion chamber design. Pure Sl operation
is slow because it is solely deflagration and pure HCCI
operation is slow because of the high dilution. The region
between spark assisted SA-CAI and HCCI is the region
where the exhaust gasses have very high temperatures
and are of adequate quantity to induce large scale or
complete, vigorous detonation.

It has to be noted here that other parameters affecting
the speed of combustion, mainly AFR, will also affect the
ion-current slope, so the AFR should be held constant for
the ion-current slope to be only a function of TRG. In
addition, the effect of TRG on the slope of ion-current is
not as pronounced if the signal is normalized against its
maximum value. This implies that the TRG effect on
slope is amplified due to the dependency of the signal
strength on TRG, before normalization.
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Figure 15. lon-current signal slope as a function of
TRG% at 2000rpm

ITA EFFECT ON ION-CURRENT SIGNAL
Since spark assistance is used to control PPP in all but

the few pure HCCI cases, it is important to determine the
effect that the ignition timing advance (ITA) will have on



the SoC and thus PPP and ion-current signal. Sl
operation is directly dictated by ITA, while in pure HCCI it
has a minor effect. It is thus logical to show here a mid-
way TRG% scenario. In Figure 16, the effects of an
ignition timing sweep are shown against start of ion-
current signal and PPP at 2200rpm with medium TRG%.
Once again, a close correlation of pressure to ion-current
measurants can be seen. As PPP delays in crank angle
terms, as ITA is retarded, the ion-current signal start
delays too. It is clear that the ITA does have an effect on
both PPP and ion-current signal. Both are retarded as
ITA is retarded in a close correlation.

A ‘cross over’ point appears when ITA equals -10 CAD-
BTDC, (where combustion is delayed beyond the point
that would be observed in practical applications). A
possible explanation of this phenomenon is that when
the spark is delayed enough to allow the fuel time to
chemically break up and auto-ignite, the result is a
sharper pressure rise and hence advanced PPP. On the
contrary, if the spark is early enough to consume a
considerable portion of the combustible mixture, before
auto-ignition pressure rise will be gentler. This
explanation is plausible if the mixture is considered as
inhomogeneous.

According to the mixing model of [17] referring to a
gasoline HCCI engine with almost identical valve
strategy, the charge around the spark plug is less diluted
with EGR, as there is a higher concentration of ‘fresh
charge’ near the top of the combustion chamber,
whereas TRG will be mostly concentrated at the bottom.
If this is so, it will be the fresh charge near the spark plug
that will combust most vigorously once auto-ignited.
However, if the fresh charge is consumed by Sl flame
propagation, the heat release will be slower during both
the flame propagation phase and the auto-ignition phase
that will occur at the more diluted end gasses.
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Figure 16. Ignition timing effect on start of ion-current
and PPP

HCCI engines are complicated in that the load has to be
controlled by the amount of TRG and with load varying
almost continuously; the automotive engine must have
the flexibility to adjust TRG whilst also controlling

combustion timing. Effectively, when the engine is
operating in the HCCI region, the throttle pedal angle
needs to be interpreted to a torque requirement. This
requirement will then command an increased or
decreased negative valve overlap, translating to an
appropriate TRG%. The ion-current measurants during
these transients can be used to control combustion in
terms of timing, through ignition timing advance (ITA). If
SoC is too late, the ignition can be advanced and vice
versa. During steady state operation, ITA has enough
control over the combustion event to time it
appropriately. However, during transients it might be
necessary to use other means of control. There exist two
possible events when a sudden change in torque
demand occurs.

1. In the case where there is a decrease in
demanded torque, more TRG will have to be used. This
will mean that hot gases from a low or medium TRG
combustion will suddenly be used in larger amounts
leading to early combustion. Retarding ITA might help:
except where early auto ignition occurs regardless of
ITA. In this case the valve timing transition has to be
delayed.

2. Where an increase in torque is required, cold
TRG from highly diluted combustion will be required to
combust with a lot more fresh charge, since a decrease
in TRG will be necessary. Late combustion might be
prevented by advancing ITA and lower amounts of TRG
equates to higher combustion control through the spark.
If this measure proves inadequate, switching to SI
operation can rescue the situation.

So under all conditions the ion-current signal can be
used by an engine control system to decide on
advancing or retarding ITA; or if this strategy is
inadequate, to adjust valve timing. By using the ion-
current signal, all this is possible on a cycle-to-cycle
basis with no averaging requirements. This is especially
helpful during transients, or unstable combustion.

CONCLUSION

An experimental study of ion-current sensing in a
gasoline HCCI engine was conducted. From these
experiments, it can be concluded that ion-current can be
used to monitor HCCI combustion events. lon-current is
an attractive proposition for a cost effective sensor, and it
has been shown that the signal can be processed with
adequate accuracy and speed for feedback closed loop
control.

Results of monitoring combustion under steady state
operation, over a variety of speeds and trapped residual
gas amounts were discussed. The results show that the
ion signal is sufficiently high during HCCI under all
speeds and loads.

Misfire detection, pre-ignition detection, and estimation of
TRG% were shown possible with trivial mathematical
approaches.



PPP, MFB50 and dQmax were all determined with RMS
errors less than 2 deg CAD, when a specific engine
operating condition was examined. When a linear
relationship that would cover the whole HCCI operating
spectrum, from 0% TRG to maximum TRG, was derived,
the maximum error rose to 2.64 deg CAD, remaining
accurate enough for feedback purposes.

A straightforward monitoring of the effect of ITA on PPP
is possible through ion-current signal monitoring.

Overall, ion-current was proven to be a cost effective and
adequately informative feedback signal for both S| and
HCCI engine control.
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ABBREVIATIONS

AFR: Air Fuel Ratio

CAD: Crank Angle Degrees

dQ: Rate of Heat Released

dQMAX: Maximum Rate of Heat Release
HCCI: Homogenous Charge Compression Ignition
ITA: Ignition Timing Advance

MFB50: 50% Mass Fraction Burned

NOx: Oxides of Nitrogen

NVO: Negative Valve Overlap

PPP: Position of Peak cylinder Pressure

RMS: Root Mean Squared

RPM: Engine Revolutions Per Minute

SA-CAI: Spark Assisted Controlled Auto ignition
SI: Spark Ignition

SNR: Signal to Noise Ratio

SoC: Start of Combustion

TRG: Trapped Residual Gas



