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ABSTRACT

Due to the increasingly stricter emission legislations and
growing demand for lower fuel consumption, there have been
significant efforts to improve combustion efficiency, while
satisfying the emission requirements. Homogenous Charge
Compression Ignition (HCCI) combustion offers significant
efficiency improvements compared to conventional gasoline
engines. However, due to the nature of HCCI, fully
homogeneous charge HCCI combustion can be realized only
in a limited operating range. Control of HCCI engines to
obtain the desirable operation requires understanding of how
different charge variables influence the cyclic variations in
HCCI combustion. Under certain operating conditions, HCCI
engines exhibit large cyclic variations in ignition timing.
Cyclic variability ranging from stochastic to deterministic
patterns can be observed. One important design goal for
engine development is to minimize cyclic variability. A small
amount of cyclic variability can produce undesirable engine
vibrations. At the same time, larger cyclic variability leads to
increased hydrocarbon emissions. To control HCCI ignition
timing, it is often necessary to know the characteristics of
HCCI cyclic variations.

This study investigated the cyclic variations in HCCI
combustion ignition timing using a range of experimental
data with varying intake air temperature and air-fuel ratio at
different engine speeds. Temporal dynamics of cyclic
variations in HCCI combustion is analyzed using statistical
and chaotic theory methods. The analysis of cyclic variation
of combustion phasing for a gasoline fuelled HCCI
combustion engine is performed. A symbol-sequence
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statistics method is used to find the occurrence of possible
probabilities of the data points under the same operating
conditions. The results show that as fuel air mixture becomes
richer, the determinism in the ignition timing increases. The
quantile return map of the cycle based time series of ignition
timing values also confirm that deterministic portion of
dynamics occurring in a HCCI engine increases as charge
becomes richer or the intake air temperature increases.

INTRODUCTION

Emission legislations for automotive vehicles are being made
more and more stringent by agencies like Environmental
Protection Agency and EU. The primary challenge for the
automotive industry is to meet the regulations related to nitric
oxides and soot emissions. To meet these challenges, new
combustion concepts are being developed by researchers in
this area. Homogeneous charge compression ignition (HCCI)
in internal combustion engines is of considerable interest to
the automotive community because of its vast potential in
reducing nitric oxides (NOy) and particulate matter (PM)
emissions simultaneously [1-2]. HCCI combustion concept
has an advantage of high fuel flexibility and can be utilized in
any size of transportation engine, ranging from a small
motorcycle engine to a large ship engine [3]. The
fundamental idea of HCCI combustion is using a very lean
homogeneously premixed fuel/ air mixture in order to achieve
low emissions of nitric oxides and high -efficiency
combustion. HCCI combustion engine operation can be
described as a combination of a conventional spark ignition
(SI) engine and direct injection compression ignition (DICI)
engine. A homogeneous charge is prepared in the inlet
manifold, where fuel and air are mixed to form a
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homogeneous mixture before the intake stroke of the engine,
just like in a SI engine. After the intake stroke, valves are
closed and the onset of combustion is governed by a
compression of the pre-mixed homogenous charge, similar to
a conventional DICI engines. The combustion happens
because of auto-ignition of this mixture. Fast heat release
with reduced heat transfer losses combined with the complete
elimination of throttling losses and use of high compression
ratios (similar to diesel engines) leads to a significantly
higher thermal efficiency, which improves the fuel economy
in a HCCI engine. HCCI engines have an advantage in terms
of higher fuel economy compared to conventional diesel
engines [4]. However, HCCI combustion engines generate
higher amount of unburned hydrocarbons (HC) and carbon
monoxide (CO) compared to conventional engines and have
poor cold starting capability. Other than these factors, two
major challenges, namely limited operating range and
difficulty in controlling combustion timing, restricts the
commercial exploitation of the HCCI combustion concept
[5,6,7]. These two factors are directly influenced by cyclic
variations. The main problem with the HCCI is that the
ignition is completely controlled by chemical kinetics, and is
directly affected by the fuel composition, equivalence ratio,
and thermodynamic state of the fuel-air mixture [8-9]. There
is no external control of initiation of combustion such as the
fuel injection or spark timing that are used in traditional CI or
SI engines. Achieving the required level of control during
transient engine operation is even more challenging since
charge temperature has to be correctly matched to the
operating condition during rapid transients with a high
repeatability, when the engine speed and loads are changing
[10]. Developing new methods to control ignition timing
properly for wide operating ranges and combustion-mode
switching requires an improved understanding of HCCI
cyclic variations. The in-cylinder process of HCCI cyclic
variations needs to be studied in order to understand how to
control these properties and make HCCI combustion more
stable and free from cyclic variations.

Mechanism and control of cycle-to-cycle variation in SI
engines are systematically investigated for decades [11-12],
but only few researchers carried out experimental work
[13,14,15,16,17,18,19,20,21] to investigate the cyclic
variations in HCCI combustion engines. Xingcai et al.
investigated the combustion stabilities and cycle-to-cycle
variations of HCCI combustion using n-heptane, PRF20
(Primary reference fuels 20), PRF40, PRF50 and PRF60 [13].
Kalghatgi et al. investigated limits of HCCI combustion on a
single-cylinder engine for 19 different gasoline-like fuels
with octane numbers higher than 60 [14]. An octane index is
developed to characterize high HCCI cyclic variation limits
and a knock limit is defined. They have also observed that
acceptable HCCI cyclic variations occur only within a narrow
range of ignition timing around top dead center (TDC).
Koopmans et al. investigated the cycle-to-cycle variations in
a camless gasoline fuelled compression ignition engine [15].

Shahbakhti et al. performed investigations of cyclic variation
of ignition timing using primary reference fuels [16]. Maurya
et al. investigated the cycle-to-cycle variations of HCCI
combustion in a gasoline and methanol fuelled engine
[19-20]. Stability of late-cycle auto ignition is studied for a
single cylinder diesel engine run in the HCCI mode [17] and
it was observed that variations of indicated mean effective
pressure (IMEP) increases rapidly after a certain combustion
phasing or late limit. Persson et al. performed preliminary
studies on cylinder-to-cylinder and cycle-to-cycle variations
of a controlled auto ignition (CAI) combustion with trapped
residual gas [18]. These cyclic variations and combustion
instabilities lead to necessity of closed loop control for
combustion phasing. Understanding cyclic variations of
ignition timing and performance parameters is an essential
step to be able to implement future effective combustion
phasing control algorithms. This motivates the researchers to
investigate the cycle-to-cycle variations in HCCI combustion
engines.

Conventional methods for investigation of cycle-to-cycle
variations employ the assumption that cyclic variations are
stochastic in nature [22]. It means that each cycle is an
independent and random event hence there is no relationship
between successive cycles. Studies related to SI engine
combustion indicate that cycle-to-cycle variations are both
observed combustion patterns are attributed to the combined
effect of stochastic parametric variations and global nonlinear
dynamics arising from the effects of residual gases from
previous cycles. This combination of processes results in
dynamic behavior typically associated with deterministic
chaos [24-25]. The observation of determinism in cycle-to-
cycle variations may have important diagnostic implications
since cyclic variations in engines is not a purely random
process. The presence of dynamical structure in combustion
parameters makes it possible to use new data analysis tools
from non-linear dynamics and chaos theory to reveal more
information about engine behavior than what was previously
possible with conventional statistical techniques [25].
Specifically, more important conclusions can be derived
about the effect of various engine parameters on cycle-to-
cycle variations due to the presence of deterministic behavior.
The presence of determinism implies that intelligent control
of the system could be a potential approach to extend the
limits of engine operation significantly. If a controller can
take advantage of the deterministic nature of the variations
and the non-linearity of the system, small changes to control
inputs such as fuel or intake air temperature can push the
system back to stable operating point [27]. The non-linearity
of the combustion system and lack of a precise compact
model that satisfactorily describes the dynamic behavior
makes neural-network based controllers a promising
approach. These nonconventional methods are not used much
in the analysis of cyclic variation of HCCI combustion and
have the potential to deliver better understanding of HCCI



combustion dynamics. These factors motivate the authors to
investigate the effect of various engine operating conditions
on random and deterministic cyclic variability in HCCI
combustion engines.

In this paper, engine data is collected at different engine
operating conditions and analyzed to determine dynamics of
HCCI combustion parameters. The cyclic variations of
combustion phasing are investigated to determine their
behavior for stochastic and deterministic ranges. The
stochastic and deterministic components of the cyclic
variability are determined using a method called symbol
sequence statistics method, which is explained in later
sections of the paper.

EXPERIMENTAL SETUP

A four cylinder, four-stroke, water-cooled, naturally
aspirated, direct injection diesel engine (Make: Mahindra and
Mabhindra Ltd., India; Model: Loadking NEF 3200 TCI) was
modified for the present experiments. The specifications of
the unmodified test engine are given in table 1. The engine is
coupled with an eddy current dynamometer. One of the four
cylinders of the engine is modified to operate in HCCI mode,
while the other cylinder operate like an ordinary diesel engine
at zero load, thus motoring the first cylinder for achieving
and starting the HCCI combustion. The intake and exhaust
manifold of HCCI combustion mode cylinder in separated
from the other three CI mode cylinders. A detailed schematic
diagram of the experimental setup is shown in Figure 1. Test
fuel used for the present investigations is gasoline. The
specifications of gasoline used for present investigation are
provided in table 2. The fuel is premixed with air through
gasoline port injector installed in the intake manifold of the
HCCI cylinder. Electronic fuel injector having 4 holes injects
the fuel in engine manifold at 3 bars fuel injection pressure
developed by fuel pump installed in the gasoline tank. The
quantity of fuel and injection timing is controlled through
Compact-RIO through a custom made driver circuit.
Compact-RIO (Reconfigurable Input-Output) combines an
embedded real-time processor, a high-performance field-
programmable gate array (FPGA), and hot-swappable input/
output (I/O) modules. Each I/O module is connected directly
to the FPGA, providing low-level customization of timing
and I/O signal processing. The FPGA is connected to the
embedded real-time processor via a high-speed PCI bus.
Compact-RIO is programmed by LabVIEW FPGA and
LabVIEW Real-Time module softwares. LabVIEW contains
built-in data transfer mechanisms to pass data from the FPGA
to the embedded Real time processor for real-time data
analysis, data logging, or communication to a networked host
computer. The Compact-RIO takes signal from a high rotary
shaft encoder, Air mass meter, and an in-cylinder piezo-
electric pressure sensor. Compact RIO generates the output
pulse to operate the fuel injector based on the analysis of
acquired signals and engine operating conditions. Based on

the output pulse generated by Compact RIO, fuel injector
injects the required amount of fuel in the intake manifold.

Table 1. Test engine specification.

Make M&M Ltd., India

Model Load King NEF 3200 TCI
Displaced volume 2609 cc

Stroke/ Bore 94 mm/ 94 mm

Connecting Rod Length 158 mm

Max Engine Output 53.5 kw ( 72.7 HP) @ 3200 rpm

Max Torque 195 Nm @ 1900 — 2000

Number of Valves/ Cylinder | 2

Table 2. Gasoline specification [28]

Characteristics Values
Density @15°C kg/m’ 730
Research Octane Number 91
Benzene content, percent by volume, max | 1
Olefin content, percent by volume, max 21
Aromatic content, percent by volume, max | 42
Minimum Oxidation Stability, min 360

1. Hot-film Air Mass Meter 2. Air Heater 3. Fuel Injector
4. Rotary Shaft Encoder 5. Pressure Transducer

6. Exhaust Plenum 7. Emission Analyzer 8. EGR Valve
9. Orifice 10. Fuel Tank with Pump 11. Dynamometer
12, Compact RIO 13. Charge Amplifier 14. Driver Circuit
15. Computer

Figure 1. Schematic diagram of experimental setup.



Air delivered to HCCI combustion cylinder is measured
through hot-film air mass meter, which precisely registers the
actual air-mass. To achieve HCCI combustion with proper
phasing, the air-fuel mixture must be preheated to a high
temperature prior to entering the cylinder. Fresh air entering
the engine is heated by an air pre-heater positioned upstream
of the intake manifold. The intake air heater is operated by a
closed loop controller, which maintains constant intake air
temperature as set by user by feedback control. The heater
controller takes feedback from a thermocouple installed in the
intake manifold just upstream of fuel injector. A
thermocouple in conjunction with a digital temperature
indicator was used in measuring the intake and exhaust gas
temperature. Provision for exhaust gas recirculation (EGR) is
made for the HCCI combustion cylinder so that some of the
exhaust gas can also be circulated in intake manifold through
EGR valve for controlling the combustion timing. The in-
cylinder pressure was measured using a piezo-electric
pressure transducer mounted flush with the cylinder head. To
measure the crank angle position, a high precision optical
shaft encoder is coupled with the crankshaft using a helical
coupling. The cylinder pressure history data acquisition and
combustion analysis is done using a LabVIEW based
program, which is developed at the Engine Research
Laboratory, IIT Kanpur. In-cylinder pressure of the HCCI
cylinder was recorded for 3000 consecutive engine cycles for
each engine operating conditions with 1/6"™" CAD resolutions
and analyzed to calculate the detailed combustion phasing
parameters.

Rate of heat release (ROHR): ROHR is calculated from the
acquired pressure history data using the zero dimensional
heat release model [29]. Consequently, the main combustion
parameters were extracted from the heat release and in-
cylinder pressure curves. ROHR was calculated as

0Q vy dv. 1 0P 0Qu

00 y—1 do y—1 096 06

The following assumptions were made in this calculation:
e Cylinder charge was considered to behave as an ideal gas.

e Distributions of thermodynamic properties inside the
combustion chamber were considered to be uniform.

* Dissociation of combustion products was neglected.

e No variation of cylinder mass due to blow-by was
considered.

Relative air fuel ratio () is the ratio of the actual air/ fuel
ratio to the stoichiometric air/ fuel ratio. The results in this
investigation are presented with respect to different relative
air/ fuel ratios (A), which are in the HCCI combustion region.
Experiments were conducted on the modified engine at
different engine speeds with varying intake air temperatures.

DATA ANALYSIS TECHNIQUES

Non-linear dynamics and chaos theory have been used to
develop several mathematical analysis techniques for
deriving important inferences from time-series data. A very
useful method for time series data analysis is known as
‘symbol sequence statistics method’. This method gives
important insight into the behavior observed for different
combustion parameters in an engine operation. Finney et al.
[29] documented this technique for SI engine combustion in
detail and a brief description is also provided in this paper.

SYMBOLIZATION AND SYMBOL
SEQUENCE HISTOGRAM

Symbolization of engine combustion measurements provides
simple and effective method to minimize the effect of
dynamic noise and measurement errors so that deterministic
effects of previous cycle or inherent structure in data points
can be detected accurately for appropriately chosen partition
size, as dynamic noise appears if number of partitions is
higher. If this technique is applied at the time of data
acquisition, symbolization also becomes a means of data
compression and can greatly speed up data processing. These
characteristics make data symbolization a useful tool for
onboard engine diagnostics and real time control [30]. Data
symbolization involves the conversion of time series data of
many possible values into a symbol series of only a few
distinct values. This method distribute the values of time
series data into few partitions and each partition assigned a
particular symbolic value (e.g. 0 or 1 for nya= 2). Here npay
is the number of partitions made in data series. In symbol
sequence statistics method, partition is done in such a way
that each partition is equi-probable so that there is equal
number of data points in each partition. The simplest example
of partition of cycle based time series data in engine
combustion measurement is binary partitions, where
experimental data values above median value are represented
by 1 and values below the median are represented by O.
Figure 2 illustrates a sequence of 1000 data points for CAj
values showing binary partitions. It is also possible to use
more than two partitions, which would result a different
number system (e.g. 0, 1, 2, 3, 4, 5, 6 and 7 for np,~ 8). In
this study, binary and octal partitions are used for the analysis
of combustion timing dynamics, these partitions are chosen
based on the partitions used in the published engine
combustion related literature [27, 30-31]. Relative frequency
of all possible symbol sequences number in the CAjq data is
calculated from the symbol sequence vector of cycle length
‘L’. The sequence of sysmbols reveal some important
information about the experimental measurement dynamics
[32]. The total possible number of sequences ‘N’ is a
combination of number of partition and symbol sequence
length ‘L’ and related by equation N = (npart)L [32]. Figure 3
illustrates the fequency varition with different sequence



number using sequence length of six. Total possible sequence

number using binary partition for sequence length six is 26 or
64.
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Figure 2. CAsg Sequence for 2=2.5, Ti = 120°C at 1800
rpm, illustrating two symbolic partitions.
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Figure 3. Symbol sequence histogram for two partition
with sequence length of six for CAsy at A=2.5, Ti =
120°C.

In symbol sequence statistics method, due to equi-probable
partitioning rule the relative frequencies for truly random data
sequences will be equal and all histogram bins will be equally
probable within the uncertainty due to a finite data set. Thus
any significant deviation from equi-probability is indicative
of time correlation and deterministic structure in the
experimental data series [30]. On a histogram plot of data,
those sequences that appear as peaks rising above the
background ‘noise’ level would correspond to repeating
deterministic events. The frequency Fp, that would be
observed for all sequences for purely random data is the
probability given by Fp= (1/npart)L [27]. This baseline
frequency is shown by the thick line in figure 3. In this
particular case, several peaks rise above this baseline, but
some are noteworthy. This analysis method is explained in
more detail as a general approach for analysis of noisy
deterministic data [33-34]. In this method, choosing the
optimum sequence length is important to find significant
determinism in the experimental data. To find the optimum

sequence length, modified Shannon entropy is used which is
explained in next section.

OPTIMIZATION OF SYMBOLIZATION
PARAMETERS

A modified form of Shannon entropy can be used to quantify
the deviation of symbol sequences from randomness [27, 30].
The modified Shannon entropy Hg is defined by

1
TR
s log Mseq _ Py 108 Py

where py is the probability with which sequence ‘k’ occurs
and ngq is total number of sequence with non-zero
probability.

Shannon entropy of one indicates random data, while values
less than one indicate correlation between sequential data
points. The Shannon entropy can be used to determine the
optimal sequence length to be considered in a symbol
sequence histogram, since the sequence length giving the
lowest Shannon entropy indicates the greatest presence of
determinism in the data. Figure 4 shows the variation in
Shannon entropy with sequence length for engine running at
1800 rpm and 120°C intake air temperature, using binary and
octal partitions.
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Figure 4. Modified shannon entropy variation for
different A at 1800 rpm using (a) binary and (b) octal
partitions.



It can be noticed from figure 4 that Hg value vary depending -

on the symbol sequence length L. Finney et al. explained that s
1.4 1 N =1500 rpm, T=120 "C, A= 2.3

minimum value of modified Shannon entropy (Hg) reflects

the symbol sequence length, which best distinguishes the data 1.2
from a random sequence [30]. This can be used as an 1.0
optimum choice of sequence length for given data and for £ 08
selected number of partitions. It can be observed from the :
figure 4a that minimum value of Shannon entropy is around Lo
0.4
indicates that the influence of previous cycles on the CAsg 0.2
extends back up to 8 previous cycles. For the octal 0.0 i

Probability Density

the sequence length of 8 cycles for binary partition. This

partitioning (using 8 partitions), the minimum value is found

Probablity Density

i s 5 0 =

for sequence length of 3 cycles. Therefore for HCCI engine 8 N = 1500 rpm, T;= 120 °C, A= 2.5
combustion control, it should be advantageous for a 1.4 1
controller to have information about more than just the B 1.2 1
immediate previous cycle. 1.0 -

: 0.8 -
RESULTS AND DISCUSSIONS |
In this section, the experimental results of cyclic variation of 0.4 -
combustion phasing in HCCI combustion engine running at
different operating conditions are presented. The in-cylinder 921
pressure history of 3000 consecutive cycles is measured and 0.0 - y - -

analyzed to calculate the combustion timings CAjq (crank 1.6 -
angle for 10% heat release) and CAjq (crank angle for 50% o 144 N =1500 rpm, T=120C, A=2.7
heat release). Rate of heat release is calculated using the - 45
method described in experimental setup section. Cyclic s .
variation in HCCI combustion can occur with a variety of E‘ 101 n
patterns depending on the physics occurring inside the = 0.8
cylinder and pattern of charge variation [16]. One method to - 0.6 -
understand these patterns is to analyze the ignition timing 'E 04
ensemble formed by large number of consecutive ignition A
timings. Figures 5 and 6 show the ensemble of CA;¢ and 0.2
CAs( timings at different A for engine running at 1500 rpm 0.0 - i ;
and intake air temperature of 120°C. The thick red line 1.6 1
indicates the normal probability density for combustion 1.4 - N =1500 rpm, T=120'C, A= 2.8
timings in each graph. It can be observed from the figure that % oA
CAjg and CAjsq timings have similar distribution at each 8 =
value of A. It can also be noticed from the figures 5 and 6 that ;?_:- 20
as mixtures become leaner, the combustion timing ensemble = 038
comes close to normal distribution. E 0.6 -

2 04

0.2
0.0 T T 1 v "
3 4 5 6 7 8 9
CA 10 (CAD)

Figure 5. Probability density distribution of CAj timing.
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Figure 6. Probability density distribution of CAs timing.

CAjp timing is often regarded as marker for start of
combustion in engines [35]. In HCCI combustion engine,
start of combustion depends on chemical kinetics purely and
it depends on the pressure-temperature history in the
combustion chamber. A robust combustion phasing
parameter is required for feedback alternative HCCI
combustion control, which creates the need of improved
understanding of combustion timing variation. It can be
noticed from above figures (5,6) that, for richer mixture
(lower A), CAjo have large deviation from normal
distribustion line as compared to CAs timings. It can also be
observered from the experimental data points (figures 5 and
6) that CA o and CAsg have large deviation from the normal
distribution line as mixtures become richer (toward
stoichiometric mixture). Assuming a normal distribution for
the random component of data, deviation from normal
distribution are indicative of deterministic component in the
data [36-37]. This indicated higher deterministic pattern in
the CAjp and CAsg timings as mixtures becomes richer.
Knowledge of CAgq distribution can provide valuable
information to find high cyclic variation regime for HCCI
combustion engines. Several reserchers have used CAjsg
timing for HCCI combustion control [37-38]. The
information about distribution of combustion timing can be
utilized for designing HCCI combustion controllers. To find
more details of deterministic structure in data points, symbol
sequence statistics method is used.

Figures 7,8,9 show the symbol sequence histograms of CAs
for different A at intake air temperature of 120°C using octal
partition and sequence length of 3 for three different engine
speeds of 1200, 1500 and 1800 rpm. Symbol sequence
histograms for binary partition for the all the operating is also
provided in the appendix. The thick red line indicates the
frequency for random gaussian data points. Frequency above
this line indicates the determinism in the data points. The
symbol sequence numbers having higher frequency indicates
that these patterns are repeated more number of times in
experimental data points. It is observed from the figures that
the frequency of sequence number increases more above the
red line as mixture become richer (lower A) for each engine
speed. This indicates the inherent determinitic structures as
mixtures becomes richer. It can also be noticed from figures
that at higher engine speeds, the frequency of sequence
numbers increses with increase in engine speed. Which show
that deterministic pattern increases with increase in engine
speed. The sequence code occurs more frequently with higher
frequency are 0, 8, 16, 64, 128, 276 and 511. These numbers
when converted from decimal to octal number corresponds to
sequence 0-0-0, 0-1-0,0-2-0, 1-0-0, 2-0-0, 4-2-4 and 7-7-7.
The two sequences 0-0-0 and 7-7-7 represent steady
behaviour of combustion timing. Other patterns indicate that
advanced-to-retard and retard-to-advanced timing combustion
events are dominant. Similar trend is demonstrated by the



binary partition with sequence length 8 as shown in appendix
(figure 16,17,18).

Table 3 shows the changes in modified Shannon entopy with
different engine operating conditions for both binary partition
with sequenc length (2-8) and octal partition with sequence
length (8-3). Shannon entropy decreases with decrease in A
values or with increase in engine speed, which indicates the
deterministic behaviour. The decrease in shannon entropy
implies that a controller should have greater effect at these
operating conditions with lower entropy values as compared
to higher entropy values, where more randon nature is
expected.

Table 3. Shannon entropy variation with different engine
operating conditions.

Speed (rpm) | T, °C) | A | 2-8 | 83
2310.932 | 0974

1200 120 2.510.958 | 0.977
2.7 0.956 | 0.978

2.8 0.958 | 0.975

23] 0.804 | 0.934

120 2.510.923 | 0.945

2.7 1 0.938 | 0.962

1500 2.810.913 | 0.963
130 0.888 | 0.92

140 | 2.7 | 0.768 | 0.903

150 0.777 | 0.868
2.110.702 | 0.917

1800 120 |23 0.813 | 0.936
2.510.933 | 0.973
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Figure 7. Symbol sequence histograms of CAsy for

different A at 1200 rpm using octal partition and
sequence length 3.
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Figures 10-11 show the symbol sequence histograms of CAj
and CA | for intake air temperature of 120-150°C at contant
A using octal partition and sequence length of 3 for engine
speed of 1500 rpm. The thick red line indicates the frequency
for random gaussian data points. Frequency above this line
indicates the determinitic behavior in the combustion timing
data points. In both cases, several peaks rise above this line. It
can be noticed from these figures that the frequency of
sequence number increases more above the red line as intake
air temperature increses for both CAsy and CAjg. This
indicates that deterministic behavior increases with increase
in temperature at constant A. This shift in behavior is also
confirmed by decrease in modified Shannon entropy (Table
3) with increase in intake air temperature. Both measures of
combustion timing CAsy and CA | have similar pattern with



increase in intake air temperature like on increasing
temperature on intake manifold sequence numbers having

higher frequency increases.
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Figure 10. Symbol sequence histograms of CAsg for
different T; at 1500 rpm using octal partition and
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An alternate method for examining inherent interactions
between cycles of combustion events is to plot return maps
[24]. Return maps describe the correlation between each
individual pair of events in the data set without averaging.
This can be advantageous in some cases, because return maps
may reveal strong but rarely occurring correlations which are
overwhelmed in spectral densities by the signals from weaker
but more frequently occurring correlations. Return maps have
additional advantage that they reveal any time asymmetry
which may exist in the correlation [26, 39]. Return map is a
good tool to check the probable interaction between
parameters of each cycle with its next consecutive cycle. For
random time series, consecutive cycles are uncorrelated and
the return map shows an unstructured cloud of data points
gathered around a fixed point. With deterministic coupling
between points, the return map shows more structure such as
dispersed data points about a diagonal line [40]. Figures
12,13,14 show return maps based on 3000 consecutive engine
cycles for different A at 1500 rpm with the lag of one cycle.
To plot the return map of time series data, first, the time
series is converted to (x, y) pairs of data like each CAs( value
(except the last one) paired with the CAsq value for the
following event (3000 events yield 2999 pairs). These pairs
of experimental data points are plotted as (x, y) pairs on a

scatter plot (Figures 12, 14).
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Figure 12. Return maps for CAsy for different i at 1500
rpm with lag of one cycle
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Figure 13. Return maps for CAsy for different i at 1500
rpm with lag of one cycle, CAsg values converted to
quantiles

The return maps in figure 12 show a circular cloud for leaner
mixtures, and as charge become richer, the combustion
timings distribution becomes flat along the diagonal line. It is
difficult to say about the correlation by these graphs. Wagner
et al. found that circular return map indicates primarily
stochastic behavior [25]. Interpretation of return maps is
often complicated by the fact that skewed distributions may
produce dispersed data points, even in the absence of
correlations. The other problem is the difficulty of finding an
objective test to determine whether a statistically significant
degree of correlation is present [39].

A widely applicable solution to these problems is to construct
return maps of quantile values of combustion timing instead
of CAjs( timing values. For a data set containing N values of
CA5p measurements, the quantile values for data set are
generated by replacing the smallest CAgy value with the
number 1/N, the next smallest with the number 2/N, etc. The
process is continued to whole data set up to the largest CAs
timing value, which is replaced with the number N/N, or 1. In
this quantile conversion process, whole data set is converted
in values between 0 and 1. Also in this process, neither the
rank order nor the sequence of the data is changed in the
quantile conversion. The advantage of converting the points
from CAsp to quantile space is that a highly skewed
distribution is converted to a uniform distribution, where the
values are evenly distributed between 0 and 1 [39]. An
uncorrelated time series will fill the return map with an even
density of points, while correlations will appear as areas of
higher and lower densities of points [39].



Return maps of quantile combustion timing are shown in
figures 13 and 15 at 1500 rpm. It is observed from the figure
13 that for leaner mixtures, the data points are distributed in
the whole plot space, as mixture strength increases the points
are distributed with uneven density distribution of areas of
higher and lower densities points. This indicates the increase
in deterministic behavior as mixture becomes richer.
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Figure 14. Return maps for CA50 for different T; at 1500
rpm with lag of one cycle.
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rpm with lag of one cycle, CA50 values converted to
quantiles.

It can also be noticed from the figure 15 that for lower intake
air temperatures, the data points are distributed in the whole
plot space, and as the intake air temperature increases, the
points are distributed with uneven density distribution of
areas of higher and lower densities points. This indicates an
increase in deterministic behavior as mixture becomes intake
air temperature increases. The general inherent relationship of
combustion phasing between the current cycle and the next
cycle has been shown in Figure 15. This return map clearly
shows a deterministic dependency on previous cycles as
intake air temperature increases.

SUMMARY/ CONCLUSIONS

The cycle-to-cycle variations in combustion phasing of HCCI
combustion were investigated on a modified transportation
diesel engine. The inlet air was supplied at 120, 130, 140 and
150°C temperature and the engine was operated at different
engine speed of 1200, 1500 and 1800 rpm, with port fuel
injection of gasoline in HCCI combustion mode. Analysis for
determinism in consecutive cyclic variation is analyzed
through statistic and chaotic method. It is found that
distribution of combustion timing deviates largely from
normal distribution as mixture becomes richer (lower A).
Using symbol sequence statistics method, it is observed that
cyclic variations of combustion timing experiences clear shift
from stochastic to deterministic behavior as A decreases for
all test speeds. The similar shift in the behavior is observed at
constant A with increasing intake air temperature. Return
maps of combustion timings also confirms the shift from
stochastic to deterministic behavior, when CAjsg values are
converted to quantiles. It was found that minimum value of
modified Shannon entropy is around the sequence length of 8
cycles for binary partition. This indicates that the influence of
previous cycles on the CAsg extends back up to 8 previous
engine cycles. For the octal partitioning (using 8 partitions),
the minimum value is found for sequence length of 3 cycles.
Hence for HCCI engine operation, it should be beneficial for
a controller to have information about more than just the
immediate previous cycle. In summary, return maps,
modified Shannon entropy and symbol sequence statistics are
very useful tools for understanding nonlinear cyclic
combustion dynamics.
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DEFINITIONS/ABBREVIATIONS

CAD
crank angle degree

crank angle for 10% heat release

crank angle for 50% heat release

DICI
direct injection compression ignition

FPGA
field programmable gate array

HCCI
homogeneous charge compression ignition

LabVIEW
laboratory virtual instrument engineering workbench

RIO
reconfigurable input output

ROHR
rate of heat release

SI

spark ignition
TDC

top dead center
A

relative air fuel ratio
N

engine speed
Npart

number of partition
T;

intake air temperature
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Figure 17. Symbol sequence histograms of CAs for
different A at 1500 rpm using binary partition and
Figure 16. Symbol sequence histograms of CA sy for sequence length 8

different A at 1200 rpm using binary partition and
sequence length 8
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different A at 1800 rpm using binary partition and
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