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h i g h l i g h t s

� Proposes and experimentally validates a model to predict ringing intensity (RI) in HCCI engines.
� The RI model is computationally efficient for realtime identification of high RI engine operation.
� Investigates performance and emissions of an HCCI engine at ringing operation.
� Examines the relation between major engine combustion parameters and RI for over 155 steady-state HCCI operating conditions.
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a b s t r a c t

High-efficiency and low-emission low temperature combustion modes including homogeneous charge
compression ignition (HCCI) are limited at high load conditions due to rapid pressure rise rate, short com-
bustion duration and ringing operation. This study uses two different HCCI engines to investigate
combustion-generated ringing at a number of HCCI engine operating points between misfire and ringing
zones for ethanol and n-heptane fuels. Ringing intensity (RI) is investigated along with main HCCI com-
bustion parameters and engine-out emissions. The results show the RI generally increases by advancing
crank angle of 50% fuel burnt (CA50) and also decreasing burn duration (BD). It is found that adjusting
CA50 can provide a control knob for the RI since all the extreme noisy data points have CA50 < 9 CAD
aTDC. In-cylinder pressure at 5, 10, 15 CAD aTDC (P5; P10 and P15) and maximum in-cylinder pressure
(Pmax) show strong correlation with RI. To this end, P5; P10 and P15 and Pmax are used to develop an artificial
neural network (ANN) model to predict RI. Experimental data at 155 steady-state points are used to eval-
uate the ANN model for two totally different HCCI engines running with high and low octane fuels. The
validation results indicate that the ANN model can predict RI with less than 4.2% error. The ANN model
can be used to identify HCCI ringing operation for combustion control applications.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The demand for reducing greenhouse gas emissions and strin-
gent governmental emission regulations have motivated engine
designers and manufacturers to develop alternative technologies
to tackle these challenges [1,2]. Homogenous charge compression
ignition (HCCI) is a promising combustion mode among low tem-
perature combustion (LTC) regimes that have the potential of pro-
viding high thermal efficiency, while having ultra-low engine-out
nitrogen oxides (NOx) and particulate matter (PM) emissions [3].

However, high levels of unburned hydrocarbon (uHC) and carbon
monoxide (CO) emissions, low efficiency at low-load engine condi-
tions, control complexity of HCCI combustion, and ringing at upper
zone of HCCI operation are some major HCCI limitations [4–6]. This
paper aims to analyze HCCI ringing operation and develop a model
to identify HCCI ringing.

For upper zone of HCCI operation, extreme noise level is gener-
ated due to audible pressure oscillation and also excessive
pressure-rise rates (PRRs) are produced due to rapid combustion
[7,8] which can cause ringing phenomenon. This event is called
HCCI ringing and can cause thermal efficiency loss, damage the
engine parts and decrease lifetime of the engine. Thus it is impor-
tant to identify and avoid ringing operation in HCCI engines [8–10].
The HCCI combustion event is more rapid than that of conventional
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spark ignition (SI) and compression ignition (CI) engines. Thus,
HCCI combustion generally has a relatively high PRR [9] which
limits the peak practical load of the engine [11]. Saxena et al.
[12] found that HCCI ringing differs from knocking in HCCI and
ringing detection is more difficult by external sensors mounted
on cylinder wall because the effect of pressure waves are damp-
ened by cylinder linings. Massey and Drallmeier [13] indicated that
the noise is generated from the structural response of the engine
structure due to rapid cylinder pressure rise.

Peak pressure rise rate (PPRR), ringing intensity (RI) and com-
bustion noise level (CNL) are the three major in-cylinder
pressure-based metrics which have been utilized to identify ring-
ing operation in HCCI engines [9]. They also have been used for
determining the upper zone of HCCI operation. PPRR is the maxi-
mum gradient of the pressure rise and can be easily calculated
from in-cylinder pressure trace and is widely used to find the HCCI
operation limit [14]. However, PPRR is not capable of identifying
HCCI ringing operation because it is a scalar metric and cannot uni-
versally describe noise. It also cannot account for the frequency
distribution of the pressure signal [10].

RI is a well-recognized metric to quantify and estimate the ring-
ing extent in HCCI engines [9]. RI was first introduced by Eng [15].

In different studies [16–20] combustion noise limit and knock-free
operation were found by RI over a wide range of HCCI engine oper-
ation conditions [21]. CNL is another combustion noise metric that
is determined by an algorithm developed by Shahlari et al. [22] for
calculating combustion noise for LTC engines. CNL and RI are
related to each other [14], however RI has been more widely used
in literature [8].

Calculation of noise in an HCCI engine by PPRR, RI and CNL
require the whole in-cylinder pressure trace. For realtime combus-
tion control, it is desired to detect combustion noise level with
minimum required in-cylinder pressure data. To this end, an RI
model is developed in this work that only requires in-cylinder
pressure at four crank angles. In particular, in-cylinder pressure
data at 5, 10, 15 CAD aTDC (P5; P10 and P15, respectively) and max-
imum in-cylinder pressure (Pmax) are used for developing an artifi-
cial neural network (ANN) model to predict RI to identify engine
operating points located in the ringing region. The ANN model is
computationally efficient for HCCI combustion control which is a
major challenge in HCCI engines.

Fig. 1 lists some of the studies which use ANN for identification
of internal combustion engines (ICEs). These studies are divided
into three main groups depending on the type of ICE studied. The

Nomenclature

U equivalence ratio
aBDC after bottom dead center
aTDC after top dead center
ANN artificial neural network
BD burn duration
CAx crank angle for x% of mass fraction burnt fuel (e.g., CA50)
CAD crank angle degree
CI compression ignition
CO carbon monoxide
EOC exhaust oxidation catalyst
HCCI homogeneous charge compression ignition
ICE internal combustion engine
IMEP indicated mean effective pressure
LTC low temperature combustion
NOx oxides of nitrogen
Px in-cylinder pressure at x crank angle degree (e.g., P20)

Pmax maximum in-cylinder pressure
PM particulate matter
PPM parts per million
PPRR peak pressure rise rate
R2 correlation coefficient
RI ringing intensity
RMSE root mean square error
RPM revolution per minute
SI spark ignition
SOC start of combustion
Tad adiabatic flame temperature
Texh exhaust gas temperature
Tin intake temperature
uHC unburned hydrocarbon
VFD variable frequency drive

Fig. 1. Prior studies including application of ANN for performance prediction and fault detection in ICEs.
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