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This study contributes towards describing the nature of cycle-by-cycle variability in homogeneous charge compression ignition
(HCCI) engines. Experimentalmeasurements were performed using a single cylinder research engine operated in the negative valve
overlap (NVO) mode and fuelled with direct gasoline injection. Both stoichiometric and lean mixtures were applied in order to
distinguish between different exhaust-fuel reactions during theNVOperiod and their propagation into themain event combustion.
The experimental results show that the mode of cycle-by-cycle variability depends on the NVO phenomena. Under stoichiometric
mixture conditions, neither variability in the main event indicated mean effective pressure (IMEP) nor the combustion timing was
affected by theNVOphenomena; however, long period oscillations in IMEPwere observed. In contrast, for leanmixture, where fuel
oxidation during the NVO period took place, distinctive correlations between NVO phenomena and the main event combustion
parameters were observed. A wavelet analysis revealed the presence of both long-term and short-term oscillations in IMEP, in
accordance with the extent of NVO phenomena. Characteristic patterns in IMEP were recognized using an in-house algorithm.

1. Introduction

Each combustion engine exhibits a certain cycle-by-cycle
variability even if it is operated under steady conditions [1].
The cyclic instability can be observed in the variations of in-
cylinder pressure traces between particular cycles, especially
during combustion. The amount of work produced by indi-
vidual engine cycles is variable as well, which results in torque
fluctuations and deterioration of engine efficiency [2]. Cycle-
by-cycle fluctuations are usually identified as combustion
variations in terms of peak pressure, maximum heat release
rate, the amount of heat released, and combustion timing.The
remaining in-cylinder parameters, such as in-cylinder fluid
motion, the amount of recirculated exhaust, and fuel distri-
bution within the cylinder, are widely recognized as causes of
operation roughness [2, 3]. Also, high discrepancies between
combustion processes in individual cylinders are typical of
multicylinder engines [4].

Low temperature combustion in homogeneous charge
compression ignition (HCCI) engines is an emerging com-
bustion technique that offers unique benefits over existing
combustion systems. Uniform in-cylinder temperature and a

high degree of mixture dilution enable a substantial reduc-
tion in nitrogen oxides emission. Additionally, spontaneous
combustion of the whole in-cylinder volume results in high
thermal efficiency [5, 6].Themost feasible approach to HCCI
combustion is the utilization of negative valve overlap (NVO)
that results in exhaust gas trapping.This enables autoignition
of gasoline-like fuels under relatively low compression ratios,
typical of spark ignition engines. Retained residuals increase
the in-cylinder temperature to the level enabling autoignition
of the in-cylinder mixture at the end of compression [7, 8].
Considering specific principles of residual effected HCCI
engine utilizing NVO, the approach to the cyclic variability
should be verified as well. Trapped residuals are the carrier
between consecutive combustion cycles [9–11]. Furthermore,
due to the limited time for mixing trapped residuals with
fresh air, the in-cylinder mixture is not perfectly homoge-
neous [12] and, consequently, uneven in the cyclic domain. If
fuel is injected during theNVOperiod, fuel-exhaust reactions
introduce further complexities into cycle-by-cycle couplings
[13]. The extent of processes influencing the course of com-
bustion and the feedback-loop between consecutive cycles
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makes the cycle-by-cycle variability a complex and high-
dimensional process.

During the last decade, a lot of effort has been put into
understanding the mechanisms of cyclic variability in HCCI
engines. Koopmans et al. [9] described cycle-by-cycle vari-
ability of combustion timing in an engine with direct NVO
injection.They observed self-excited oscillations of 50%mass
fraction burned (MFB) damped after a couple of cycles. Fast
exhaust port temperature measurements revealed the lack
of correlation between exhaust temperature and combustion
timing. However, it was found that late combustion cycles
produced high content of unburned hydrocarbons. Since not
all fuel was consumed during the main event, more oxygen
was available during the subsequent NVO period, which
enhanced NVO heat release. The latter process increased the
in-cylinder temperature, which had an advancing effect on
the combustion timing. The authors hypothesized that the
oscillations resulted from variations in the excess air ratio and
dilution rate.The present author’s previous work [14] demon-
strated that, under lightly boosted operation and for a lean
mixture, periodic oscillations of autoignition timing did not
disappear. It is plausible that the damping of oscillations is
associated with the thermal balance of the intake process.
Under forced air induction conditions, where the self-regula-
tion process was corrupted, stabilization was not observed.

Wagner et al. [15] and Daw et al. [16] demonstrated deter-
ministic patterns with regard to cyclic variations of cumula-
tive heat release in HCCI engines and developed a statistical
model for the prediction of heat release on the basis of time
series data. The authors hypothesized that cyclic variations
result mainly from nonlinear internal exhaust gas recircu-
lation (EGR) feedback. Correlations between consecutive
engine cycles were also studied by Hellström et al. [11], who
found that the subsequent cycles were coupled by feedback
from incomplete combustion. Ghazimirsaied and Koch [17]
developed an algorithm enabling the prediction of combus-
tion timing one cycle ahead on the basis of the peak pressure
crank angles from two previous cycles. They also demon-
strated peak pressure patterns at engine operation close to
the misfire limit.

The purpose of the present study was to explore cycle-by-
cycle variability in an HCCI engine under different exhaust-
fuel reactions. The engine was operated in the NVO mode
and fuel was injected into the cylinder during exhaust recom-
pression. In order to account for the variable nature of NVO
exhaust-fuel reactions, the engine was operated under sto-
ichiometric and lean mixture regime. The cycle-by-cycle
phenomenawere analyzed on the basis of work produced by a
single engine cycle and combustion timing. Wavelet analyses
were applied in order to identify nonstationary periodic
components of cyclic variability. Furthermore, characteristic
patterns of cyclic variability were isolated and demonstrated.

2. Experimental Apparatus and Method

2.1. Research Engine and Measurement Instrumentation. A
single cylinder research engine was installed on a test bed
equipped with a direct current dynamometer. The test stand

Figure 1: Test stand used in the experiments.
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Figure 2: Cross-section of engine head and cylinder; 1—camshaft,
2—drive shaft, 3—sliding sleeve, 4—campiston, 5—valve piston, 6—
piston of hydraulic accumulator, 7—spring of hydraulic accumula-
tor, 8—valve springs, 9—valve lift regulating screw, 10—valve, 11—
engine head, 12—fuel injector, 13—piston, and 14—cylinder liner.

is shown in Figure 1.The enginewas equippedwith amechan-
ical variable valvetrain to enable the control of valve lifts and
timings. The cams provided maximum valve lifts of 9.4mm
and valve opening durations of 235∘CA. The valve lifts were
adjusted using the hydraulic mechanism shown in Figure 2.
The operation procedure of the valvetrain was as follows.The
cam (1) actuated the piston (4), while the valve was actuated
by the piston (5). The clearance between the pistons (4) and
(5) was filled with oil and connected with the hydraulic accu-
mulator clearance volume.Themotion of the hydraulic accu-
mulator piston (6) was limited by the regulation screw (9).
The variable of the hydraulic accumulator clearance volume
changed idle stroke of the cam piston (4), thus reducing the
active part of the cam lift.The effect of reduction of valve lifts
was similar to the effect which could be achieved by increas-
ing the clearance between the cam and the valve tappet.
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Table 1: Single cylinder research engine specifications.

Displaced volume 498.5 cm3

Cylinder diameter 84mm
Piston stroke 90mm
Compression ratio 11.7
Number of valves 2
Fuel injector Solenoid actuated swirl-type
Fuel-rail pressure 11MPa max.

Thus, this mechanism varied both the valve lift and opening
duration. Additionally, the valvetrain was equipped with
mechanical timing adjusters, which enabled rotation of the
camshaft sprockets in relation to camshafts (1) and (1󸀠).

The research engine had a bowl-shaped combustion
chamber located in the engine head.The piston face was pro-
truding on its perimeter and it approached the cylinder head
closely at TDC, as shown in Figure 2, which generated a cer-
tain amount of squish. Fuel was applied to the cylinder using
a side-mounted single-stream swirl-type injector. The main
parameters of the engine are specified in Table 1.

The engine control systemwas based on in-house PC soft-
ware connected with a real-time timing module which gov-
erned not only injection timings and durations, but also spark
generation. However, spark discharge was switched off in
the experiments andwas used exclusively for the introduction
of the engine into the HCCI mode.

The engine test bench was equipped with all necessary
measurement and control instruments. Fuel consumption
was measured using a fuel balance and intake airflow was
measured with a thermal mass flow meter. The engine was
also equipped with a set of pressure and temperature trans-
ducers in order to control the thermodynamic conditions of
all media, intake, exhaust, cooling liquid, and so forth. In-
cylinder pressure was measured with the use of a miniature
pressure transducer that was installed directly in the engine
head.The pressure and other crank angle (CA) based param-
eters were recorded with a constant angular resolution of
0.1∘CA. At each operating condition, the in-cylinder pressure
signal was recorded for 1000 consecutive cycles.

2.2. Experimental Conditions and Procedure. The engine was
fuelled with pump-grade European commercial gasoline
from a single batch. The experiments were conducted at a
constant crankshaft rotational speed of 1500 rev/min. The
cooling liquid temperature at the engine outlet was main-
tained at 90∘C ± 1. The engine was naturally aspirated and
the intake air temperature was approximately 40∘C. The val-
vetrain was strategically set to achieve negative valve overlap
and internal EGR. Fuel was introduced into the cylinder dur-
ing the exhaust recompression in order to enable fuel reform-
ing. Valvetrain settings and injection timing are shown in
Figure 3. The reduction of valve opening crank angles using
standard cams was associated with a simultaneous reduction
of valve lifts, which resulted in valve lifts of 3.6mm for the
intake valve and 2.9mm for the exhaust valve.
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Figure 3: Engine operating cycle with a depiction of valve timings
and injection timing.

A variable excess air ratio (𝜆) was accomplished as a
control variable in order to determine the effects of different
NVO phenomena on combustion. The experiments were
performed at stoichiometric mixture and at lean mixture,
where 𝜆 values were set to 1.1 and 1.2. The definition of excess
air ratio is provided in the next subsection. Under stoichio-
metric conditions, where only a small amount of oxygen was
present during NVO, exclusively endothermic reforming was
expected. However, the average excess air ratio was main-
tained slightly lean in order to avoid richmixture combustion
and feedback from the CO content in the exhaust. At
lean mixture, exothermic reactions resulting from oxidative
reforming and/or partial combustion were expected to be the
dominant phenomena.Thus, the performed analyses covered
different NVO phenomena feedback on cycle-by-cycle varia-
tions in the main event.

2.3. Analysis of Experimental Data. The data analysis was
performed with the use of in-house software, where the mea-
sured pressure traceswere utilized as boundary conditions for
zero-dimensional models of gas exchange and combustion.
The aim of modeling was to provide cycle-by-cycle composi-
tion of in-cylinder fluid and, thus, a more detailed analysis of
combustion evolution.

Gas flow rates through the intake valve and the exhaust
valve were computed using formulas describing compressible
fluid flow through the restriction [18]. For the intake process
the following equations were used:

𝑚̇ =
𝐶int𝐴 int𝑝int

√𝑅int𝑇int
(

𝑝

𝑝int
)

1/𝛾int

× √
2𝛾int
𝛾int − 1

[1 − (
𝑝

𝑝int
)

(𝛾int−1)/𝛾int

]

(1)

when the flow was subcritical, and

𝑚̇ =
𝐶int𝐴 int𝑝int

√𝑅int𝑇int

√𝛾int (
2

𝛾int + 1
)

(𝛾int+1)/(𝛾int−1)

(2)

when the flow was choked, that is, (𝑝/𝑝int) ≤ (2/(𝛾int +

1))
𝛾int/(𝛾int−1).The intake valve curtain area𝐴 int was computed
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as a function of the valve lift and geometrical dimensions of
both the valve and the valve seat. The discharge coefficient
𝐶int was measured experimentally as a function of the valve
lift. For the intake process, the pressure upstream restriction
was the intake runner pressure 𝑝int and pressure after restric-
tion was the measured in-cylinder pressure 𝑝. The remaining
thermodynamic parameters of the intake gas included the
temperature𝑇int, the gas constant𝑅int, and the ratio of specific
heats 𝛾int. The gas flow during the exhaust process was calcu-
lated in a similar manner, where the restriction upstream gas
parameters were those inside the cylinder while the down-
stream parameters were measured in the exhaust runner.
Obviously, the applied gas flow model accommodated back-
flow phenomena. The model also comprised a submodel of
the intake runner; thus, effects of backflows on the mixture
composition were taken into account.

The mass of the trapped residuals 𝑚exh was computed
using the ideal gas equation of state based on the volume
𝑉EVC and the pressure𝑝EVC at the exhaust valve closing (EVC)
event and the exhaust temperature 𝑇exh using the following
formula:

𝑚exh =
𝑝EVC𝑉EVC
𝑅𝑇exh

. (3)

The exhaust temperature was recorded by a thermocouple
located in the exhaust port close to the valve.

The mass of the fuel injected in each cycle was computed
using a simple injector model, where the mass flow rate
was determined by the coil excitation duration 𝑡inj and the
pressure difference between the fuel-rail and the cylinder.
Hence, the mass of the fuel injected in mg was expressed as

𝑚
𝐹
= 𝐵inj (𝑡inj − 0.0179)√𝑝𝐹 − 𝑝. (4)

Theflowmodelwas tuned in by selection of the𝐵inj parameter
to provide a cumulative fuel flow rate for 1000 cycles, the
same one as that measured by the fuel balance. The constant
0.0179 is the difference between the duration of coil excitation
and the actual duration of injection in ms under given fuel
pressure.

The mass averaged temperature inside the cylinder was
computed using the gas equation of state:

𝑇 =
𝑝𝑉

𝑚𝑅

, (5)

where the in-cylinder mass 𝑚 consisted of the mass of
aspirated air𝑚

𝐴
, the mass of trapped residuals𝑚exh, and the

mass of fuel 𝑚
𝐹
. Instantaneous values of the individual gas

constant 𝑅 were computed according to the variable mixture
composition inside the cylinder.The variable volume𝑉 above
the piston results from engine geometry and, as a function of
the crankshaft position 𝜃, can be expressed as

𝑉 (𝜃) =
𝑉
𝑆

CR − 1

+
𝜋𝐷
2

4

𝑟 (1 − cos 𝜃 + 0.5𝑟
𝑙

sin2𝜃) , (6)

where CR is the compression ratio,𝐷 is the cylinder diameter,
𝑟 is the crank radius, and 𝑙 is the conrod length. More infor-
mation on zero-dimensional engine modeling can be found
in the studies [19–21].

The above model provided important in-cylinder param-
eters for each analyzed cycle separately, including cyclic
fluctuations of mass and composition. It should be noted that
the accuracy of computations is determined by the accuracy
of in-cylinder pressure measurements. Thus, pressure trans-
ducer errorwould introduce bias to the estimated parameters.
Nevertheless, this approach provided some insight into the
cyclic variability of the in-cylinder mixture composition.

The indicated mean effective pressure (IMEP) was uti-
lized to express the combustion system ability to do work.
Thismeasure is independent of cylinder size and is calculated
from the in-cylinder pressure 𝑝 using the following formula:

IMEP =
1

𝑉
𝑆

∮𝑝𝑑𝑉, (7)

where 𝑉
𝑆
is the swept volume of the cylinder.

However, different IMEPvalues can be distinguished in 4-
stroke engines [18]. IMEPmain is computed for a single crank
revolution including compression, combustion, and expan-
sion. IMEPexch expresses the indicated work of the gas
exchange processes, including NVO. IMEPnet, which relates
to the whole engine cycle, is the sum of the two aforemen-
tioned values.

Combustion evolution was analyzed using net heat
release 𝑞 traces, computed on the basis of the first law of
thermodynamics in the following form:

𝑞 =
𝛾

𝛾 − 1

𝑝𝑑𝑉 +
1

𝛾 − 1

𝑉𝑑𝑝, (8)

where the ratio of specific heats 𝛾was calculated according to
the instantaneous temperature and mixture composition in
the cylinder.

The metrics representing the combustion timing were
expressed as crank angle at the characteristic percentage val-
ues of standardized cumulative heat release, which is conven-
tionally equated with themass fraction burned (MFB) of fuel.
The definitions of combustion evolution parameters are given
in Figure 4.

Air-fuel ratio is defined as the ratio of the mass of aspi-
rated air to the mass of injected fuel, and the excess air ratio 𝜆
is expressed as the air-fuel ratio related to the stoichiometric
air demand of the fuel. The mean 𝜆 value was estimated on
the basis of oxygen content in the exhaust gas measured with
the use of a wide-band oxygen probe, while the cycle resolved
𝜆 was computed using the gas flow model. The EGR rate
was calculated as the ratio of trapped residuals to the entire
in-cylinder load, including fuel, based on mass.

3. Overall Experimental Results

The average in-cylinder parameters are established in order
to show how variable 𝜆 influences mixture composition and
combustion parameters. The main in-cylinder parameters at
3 investigated cases selected for the present experiments are
shown in Table 2. It should be noted that the 𝜆 effect on the
engine load was more complex than the one resulting solely
from the excess air ratio due to the impact of the variable EGR
rate. For leaner mixtures, lower exhaust temperatures were
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Figure 4: Definitions of combustion parameters and symbols.

Table 2: Overall in-cylinder parameters.

Parameter Case 1 Case 2 Case 3
𝜆 (—) 1.034 1.097 1.188
𝑚
𝐹

(mg) 15.02 11.78 9.60
𝑚
𝐴

(mg) 228.7 190.1 167.8
𝑚exh (mg) 152.4 181.7 205.6
CoV (𝑚

𝐹

) (%) 0.24 0.35 0.52
CoV (𝑚

𝐴

) (%) 2.04 1.66 2.63
CoV (𝑚exh) (%) 7.99 7.22 7.48
EGR (%) 38.5 47.4 53.7
IMEPnet (MPa) 0.346 0.278 0.215
IMEPexch (MPa) −0.052 −0.042 −0.025
IMEPmain (MPa) 0.398 0.32 0.24
CoV (IMEPnet) (%) 3.93 3.53 4.01
𝜃5%MFB (

∘CA) 367.8 364.9 359.3
𝜃50%MFB (

∘CA) 372.3 369.2 362.9
𝜃95%MFB (

∘CA) 377 374.1 367.1
𝜎(𝜃50%MFB) (

∘CA) 3.91 3.05 2.42

observed that led to a higher exhaust density. The natural
consequence of the above was an increase in the quantity of
retained residuals 𝑚exh and the EGR rate. More exhaust in
the cylinder during the intake process reduced the amount of
aspirated air and the mass of fuel at a set 𝜆 value. Thus, the 𝜆
sweep was actually an EGR sweep.

It can be seen from Table 2 that the gas exchange work
input (expressed as IMEPexch) is reduced for leaner mixtures,
which can be attributed to NVO heat release. With leaner
mixture, more oxygen was available during NVO which was,
in turn, utilized for fuel oxidation.

Coefficients of variation (CoV) in quantities of in-
cylinder compounds (i.e., air, exhaust, and fuel), shown in
Table 2, indicate that the amounts of trapped residuals are
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Figure 5: In-cylinder pressure (a) and temperature (b) during the
NVO period.

the most variable, while the mass of fuel and mass of air are
almost constant. Also, the CoV in IMEPnet, under the inves-
tigated conditions, was kept below 5%, which is commonly
recognized as the acceptable level of combustion roughness
[2].

The combustion timing characteristic values shown in
Table 2 reveal that, with leaner mixture, earlier the autoigni-
tion occurred. Also, the combustion duration (distance
between 5% and 95% of MFB) is shorter for lean mixtures.
The standard deviation of 50% MFB decreases with increas-
ing 𝜆. It primarily results from the earlier autoignition itself,
as the increase in temperature during compression is more
rapid at the moment of autoignition.

In order to provide more insight into the NVO thermal
phenomena, the in-cylinder pressure and temperature traces
during the NVO period are presented in Figure 5. In all
three cases the start of recompression pressure was the same
(Figure 5(a)); however, after fuel injection, higher pressures
occurred with leaner mixtures. This observation can be
attributed to heat release during the NVO period. The
thermal effects of NVO injection are clearly seen on the tem-
perature curves shown in Figure 5(b). With leaner mixture,
lowering the start of recompression temperature could be
observed. This drop in the temperature was the result of the
excess air ratio itself and the increase in overall fuel dilution
due to the effect of 𝜆 on the EGR rate. Additionally, if a certain
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Figure 6: In-cylinder pressure (a) and temperature (b) during the
main event.

amount of fuel chemical energy was consumed during the
NVO period, less heat would be released during the main
event, producing a lower end of combustion temperature.
However, after fuel injection, the initial temperature differ-
encewas compensated to a considerable extent by heat release
during the NVO period.

Figure 6 shows the in-cylinder pressure and temperature
during the main event. It can be seen that the compression
pressure histories are almost the same despite different
mixture properties and different thermodynamic parameters
after the main combustion. A careful analysis of Figure 6(b)
indicates that differences at the end of compression tempera-
tures result from the differences between adiabatic exponents.
For lean mixtures, the higher EGR rate reduces the mixture
adiabatic exponent, thus reducing the end of compression
temperature. Besides the drop in temperature, the application
of a leaner mixture resulted in the autoignition advance. This
was due to the fact that oxygen availability enhances oxida-
tive fuel reforming and increases the content of reforming
products in the mixture. In other words, the autoignition
temperature dropped with increasing the main event excess
air.
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4. Analysis of Cycle-by-Cycle Variability

4.1. Correlations of Parameters. It is obvious that, during
engine operation, even under steady conditions, the intake
and exhaust processes are not perfectly identical in consecu-
tive operating cycles.Therefore, cyclic variability in the excess
air ratio and mass of trapped residuals is to be expected. The
strong effect of mixture composition on the engine working
cycle was shown in the previous section. It suggests that
similar relationships can be observed from the cycle-by-cycle
point of view.Under theNVOmode of operation, the amount
of retained residuals is determined bymixture properties and
the combustion process during the main event. However, the
subsequent intake process, compression, and finally the next
combustion are to a high extent controlled by the quantity
and thermal conditions of the recirculated exhaust. These
relationships create a feedback-loop between consecutive
cycles. Fuel injection during the NVO period introduces an
additional component to these effects, as the variable main
event excess air ratio and the amount of trapped residuals
control the extent of heat release during the NVO period.

The amounts of mechanical work produced by individual
cycles, as demonstrated by the time series of IMEPnet, are
shown in Figure 7. Even without a thorough signal analysis
it can be noted that the modes and amplitudes of variability
in IMEPnet depend onmixture composition. For case 1 where
stoichiometric mixture was created, IMEPnet exhibited slow
oscillations, with a period of approximately 40 cycles. Similar
waves were observed by Shahbakhti and Koch [22]. The
said authors attributed this peculiar behavior to a coupling
between pulsing supercharger flow and cylinder intake flow.
However, in the current study, the engine was naturally
aspirated. Furthermore, the measurements taken by Maurya
and Agarwal [23] also demonstrated long period variations
in IMEP under low load conditions. Thus, it is plausible that
long period oscillations result from the in-cylinder processes
themselves. Under close to stoichiometric conditions, long
period oscillations in excess air can result in a variable degree
of combustion completeness. It should be noted that such
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variability in IMEP can lead to a long-period drift of the in-
cylinder pressure transducer. Thus, to a certain extent, the
observed waves can be magnified by artifacts from the pres-
sure measurement path. Nevertheless, the primary reason
for these oscillations must originate from the engine itself.
When less fuel was injected and leaner mixtures were created
(cases 2 and 3) while other conditions remained the same,
these oscillations were not evident. To provide more insight
into the periodic nature of work produced by consecutive
engine cycles, autocorrelation functions are presented in
Figure 8. Obviously, the autocorrelation function shows
periodic changes in IMEPnet at stoichiometric mixture (case
1), with a period of approximately 47 cycles. For lean mixture
(cases 2 and 3), the periodic component can be found as well,
however, with a much smaller amplitude and twice as long
period.

In order to identify sources of the cycle-by-cycle variabil-
ity, the components of IMEPnet, IMEPmain, and IMEPexch are
presented in Figures 9 and 10. The graph heights were set to
ensure a uniform scale on the vertical axes. It can be noted
from Figure 9 that the amplitude in IMEPmain was much
lower than in the case of IMEPnet. At the same time, Figure 10
indicates that long period oscillations are present in the gas
exchange event as well as in the main event.

The correlations between IMEPmain and IMEPexch are
shown in Figure 11. The upper envelopes of the measurement
points show a certain anticorrelation for lean mixtures (cases
2 and 3). This effect can be attributed to the consumption of
a portion of fuel chemical energy during the NVO period.
The heat release during NVO reduces the amount of energy
available during the main event, thus reducing the indicated
work. For stoichiometric mixtures, there is only a slight cor-
relation between IMEPmain and IMEPexch, which means that
there are different reasons for work production by NVO and
themain event. In otherwords, this observation confirms that
long period oscillations are engine related rather than mea-
surement artifacts.

The correlations of combustion timing expressed by
crank angle at 50%MFB as a function of gas exchange IMEP
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Figure 9: Main event IMEP for 1000 consecutive cycles.
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Figure 11: Correlations betweenmain event IMEP and gas exchange
IMEP for 1000 consecutive cycles.

are shown in Figure 12. It can be seen that for lean mixtures
with higher IMEPexch earlier combustion is observed. More-
over, fuel conversion into the main event work is affected by
combustion timing. Both too early and too late combustion
evolutions reduce the efficiency of fuel conversion into indi-
cated work, which can be observed in Figure 13. For stoichio-
metric mixtures (case 1), IMEPmain is not correlated with the
IMEPexch, as shown in Figure 11.However, a high variability in
IMEPexch can be observed. Also, it can be seen from Figure 12
that the combustion timing is not affected by IMEPexch.
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4.2.Wavelet Analysis of Variability in IMEP. Wavelet analysis
is a powerful tool for identifying the dominant modes of
variability in a time series and the variations of these modes
in time. This method has been successfully applied to detect
combustion variability modes in spark ignition as well as
diesel engines [24–26]. However, in these combustion sys-
tems there is only a weak feedback-loop between consecutive
cycles, which originates from residuals or thermal effects.
In the case of a residual effected HCCI engine, there is a
much stronger coupling due to large amounts of internally
recirculated exhaust. It was demonstrated by Sen et al. [10]
that the HCCI heat release variability includes long period
small amplitude oscillations as well as intermittent high fre-
quency oscillation events. However, the mentioned research
was performed for an engine with a port fuel injection. It
is expected that exhaust-fuel interactions during the NVO
period would introduce additional components to the modes
of cycle-by-cycle variability.

In the present analyses, a complex Morlet wavelet of
order 6 was used as the mother wavelet. This type of wavelet
guarantees identification of short-range wave propagation;
thus, it enables detection of typical trends appearing in cycle-
by-cycle variations. This approach was used in a number
of previous studies [24–26]. With the use of a continuous
wavelet transform, the power spectra of the analyzed data
series were calculated according to the procedure presented
in [27]. The results of these calculations are presented in
Figure 14.

It can be noted from Figure 14(a) that the analyzed
IMEPnet series include a periodic stationary component with
a period ranging between 30 and 50 cycles. In case 2, this
component appears temporarily at cycles 170 and 85. At
the same time, a more stationary band of about 120 cycles
persisted between cycles 100 and 700. For the leanest mixture
(case 3), the 30-cycle long band disappeared. Apart from slow
changes, short-period large-amplitude repetitive events can
be noted in all analyzed cases.
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Figure 13: Correlations between crank angle at 50%MFB and main
event indicated mean effective pressure for 1000 consecutive cycles.

4.3. Recognition of Patterns in IMEP. In order to identify
short-period and large-amplitude deterministic patterns in
IMEPnet, an in-house algorithm was applied. The algorithm
searched for the most representative patterns in the data
series of IMEPnet as a vector of parameters that are most
frequently repeated in the analyzed data series.Thedata series
of IMEPnet were standardized, giving a vector of input data𝑋,
which included𝑁 values for consecutive cycles. In the present
case 𝑁 = 1000. For each length 𝑛 of the searched pattern,
the values of matrix 𝑌

𝑗,𝑘
were computed using the following

formula:

𝑌
𝑗,𝑘
(𝑛) =

1

𝑛

𝑛

∑

𝑖=1

(𝑋
𝑗+𝑖−1

⋅ 𝑋
𝑘+𝑖−1

) , (9)

where 𝑗 ∈ ⟨1,𝑁 − 𝑛⟩ and 𝑘 ∈ ⟨1,𝑁 − 𝑛⟩. Afterwards,
the obtained correlations for each of the analyzed patterns
were standardized for all fittings across all input vector data
samples:

𝑊
𝑗
(𝑛) =

1

𝑁 − 𝑛

𝑁−𝑛

∑

𝑘=1

𝑌
𝑗,𝑘
. (10)

However, negative values were omitted (replacedwith zeroes)
in the calculation procedure.The pattern with the best fit was
identified as the vector of data starting from the index 𝑗 and
with the length 𝑛 indicating the peak value of variable𝑊

𝑗
.The

peak values of the variable𝑊
𝑗
with respect to the length of the

pattern vector 𝑛 are shown in Figure 15.
Short period patterns in IMEP were represented by vec-

tors of 16 samples in length. These patterns for 8 most repre-
sentative recognized series under stoichiometric (case 1) and
lean (case 2) conditions are shown in Figure 16. In the
stoichiometric mixture case (Figure 16(a)), the most repre-
sentative pattern in IMEPnet shows that, after a number of
stable operation cycles, an accidental drop in IMEPnet appears
(cycle 7).However, a slight gradual increase in IMEPnet can be
observed before this event. This cycle is followed by a cycle
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Figure 14: Wavelet power spectra of the net IMEP. The contour levels are chosen such that 75%, 50%, 25%, and 5% of the wavelet power are
above each level, respectively. The cross-hatched region represents the cone of influence, where zero padding has reduced the variance.
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with relatively high indicated work and a few oscillating
cycles. Afterwards, another gradual increase in IMEPnet was
observed, starting from cycle 13. In the lean mixture regime

(case 3), the identified patterns did not include high ampli-
tude disturbances, as was observed under stoichiometric
conditions. Figure 16(b) shows the alternating high and low
values of IMEPnet followed by the 3-state distinctive patterns,
starting from cycle 7. However, after a few cycles, the vari-
ability pattern returns to the alternative style. These patterns
indicate that the variability in excess air in the consecutive
cycles result in variable amounts of work produced by the
NVO period and the main event.

5. Conclusions

A gasoline HCCI engine with a fully variable valvetrain and
direct gasoline injection was used for the analysis of cycle-by-
cycle variability. The engine was operated in the NVO mode
and fuel was injected directly into the cylinder during exhaust
recompression.The findings of this study can be summarized
as follows.

(1) Under stoichiometric conditions 47-cycle long peri-
odical fluctuations in IMEP were identified. The
reason for these changes is not clear; however, it is
plausible that they result from changes in the excess
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Figure 16: Patterns of representative cycles in terms of IMEPnet. The numbers reveal cycles in the data series, as seen in Figure 7, which
commence with each pattern. The most representative patterns for each case are plotted with solid lines.

air ratio, which, in turn, controls amounts of fuel
chemical energy released in a given cycle. In contrast,
these oscillations disappeared for reduced amounts
of fuel under the average lean mixture regime. In
this case, the variations in excess air did not result in
richmixture cycles and, consequently, the amounts of
released heat were controlled solely by the quantity of
fuel.

(2) The correlations between the main event IMEP
and the gas exchange IMEP reveal that under the
lean mixture regime heat release during the NVO
period reduces the work produced by the subsequent
main event combustion. Also, the NVO heat release
increased the temperature at the end of exhaust
expansion. This process increased the main event
compression temperature and, as a result, advanced
autoignition. However, such relationships were not
observed for stoichiometric mixture.

(3) The application of continuous wavelet transforms
revealed that the time series in IMEP contained long
period quasistationary components, with the period
dependent on excess air. Also, short-period, large-
amplitude repetitive eventswere observed in all inves-
tigated cases.

(4) The identified repetitive patterns in IMEP showed
different mechanisms of such variability for different
air-excess ratios and the resulting dominant processes
during the NVO period. Under stoichiometric mix-
ture, all patterns are characterized by the occurrence
of an accidental low IMEP cycle preceded by a few
quasistable cycles. Under the leanmixture regime, the
variability in IMEP is dominated by 2-state and 3-state
variations.
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