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Abstract: This work is focused on the development and validation of a spark advance controller,
based on a piston “damage” model and a predictive knock model. The algorithm represents an
integrated and innovative way to manage both the knock intensity and combustion phase. It is
characterized by a model-based open-loop algorithm with the capability of calculating with high
accuracy the spark timing that achieves the desired piston damage in a certain period, for knock-
limited engine operating conditions. Otherwise, it targets the maximum efficiency combustion
phase. Such controller is primarily thought to be utilized under conditions in which feedback is not
needed. In this paper, the main models and the structure of the open-loop controller are described
and validated. The controller is implemented in a rapid control prototyping device and validated
reproducing real driving maneuvers at the engine test bench. Results of the online validation process
are presented at the end of the paper.
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1. Introduction

Knock presents a completely different challenge with respect to what is commonly
faced when a standard dynamic system has to be controlled. The main reasons for this deep
difference between knock events and other combustion phenomena can be synthetized
as follows:

1. Lack of a robust relationship between values of knock intensity indexes and the
associated damage on the combustion chamber components
2. Knock stochastic nature.

On one hand, numerous indexes for knock intensity estimation have been defined
from the high-frequency content of measured or estimated in-cylinder pressure trace [1],
from both high- and low-frequency ranges of such signal [2], or from high-frequency
vibrations induced by abnormal combustions on the engine head. Regardless of the source
of such signal and the mathematical formulation of the intensity index calculation, such
indexes do not provide a direct indication about the consequences that every knocking
event has on the combustion chamber, such as the erosion on the piston surface. On the
other hand, the non-deterministic nature of knock forced the control system developers
to define some statistical quantities, i.e., some percentiles values of certain knock index
(typically higher than 90th) to manage the event rate over a given threshold [3], rather than
the cyclic knock intensity, which closely approximates an independent random process.
Consequently, real-time knock control has never been linked to actual component damage.
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Knock intensity thresholds and criteria used for the spark advance (SA) calibration process
are typically the result of the experience of the engine manufacturer and, in most cases, are
defined to avoid knocking combustions at all. The highest percentiles (such as the 98th or
the 99th) or even the cyclic intensity values are controlled to avoid the complete exceedance
of some sort of experience-driven limit. Moreover, such thresholds may have remained
the same over the years, not following the improvements in materials strength [4]. Indeed,
improvements in alloys” mechanical characteristics have led to a significant increase of
mean specific power, not necessarily followed by a corresponding redefinition of knock
intensity thresholds. This is certainly caused by the lack of a robust quantitative relationship
between calculated knock index, and corresponding induced damage.

Standard knock control strategies typically use signals coming from an on-board
compatible system for knock intensity sensing (accelerometers or lonization current-based,
ION) and move spark advance at every time step. Spark timing is advanced whenever the
intensity is lower than the threshold, while it is retarded when knock occurs, by applying
fixed corrections [5-13]. Moreover, in some cases SA maps are calibrated to maintain
knock intensity under the threshold for nominal operating conditions (environmental
temperature, fuel Research Octane Number, RON, and so on), and by using the knock
controller just to retard SA when the on-board system senses “high” intensity knocking
events, according to defined spark timing correction maps [14]. SA retarding is then
gradually reduced, reaching again the mapped value: this kind of controller is the so
called “sawtooth”.

More generally, traditional controllers’ performance under transient conditions strongly
depends on values of calibration constants [15-19]. Often, on production systems, standard
controllers do not manage spark timing to reach a statistical knock index target value [20],
such as a percentile of maximum amplitude of pressure oscillation (MAPO). It is more
common having a controller that keeps such percentile under a calibrated threshold [21,22].
On the other hand, even under steady-state conditions, the actuated mean SA may be
sub-optimal due to the high spark-timing variance. For these reasons, in most cases, such
controllers are additionally calibrated with a precautionary approach, and this leads to a
further combustion efficiency loss. In summary, two controlling issues can be traced in the
following way:

1.  The definition of a threshold for statistical knock indexes that are defined indepen-
dently from the consequences induced by knocking events

2. The implementation of closed-loop controllers that have an output affected by a
certain delay with respect to an open-loop-based strategy, especially when an engine
runs under fast transient conditions.

The knock control algorithm proposed in this work can be considered as a solution to
solve both issues, and the two key tools that allow managing combustion phasing in an
innovative manner are the control-oriented piston damage model [23] and the analytical
knock model [24]. Such controller is designed and developed for specific applications
(racing, final vehicle development phase, test at the engine bench), or could represent the
basis for introducing a closed-loop correction, in terms of adaptive capability to varying en-
vironmental conditions and aging effects (see Part II). Implemented models are developed
and validated in previously cited works of the authors, but their features and latest updates
are also reported in this work, which for the first time integrates the two portions and
introduces a new;, finite element method-based approach for the piston temperature model.

The piston damage model [23] was designed for the real-time (RT) estimation of the
piston surface erosion, that is calculated as a function of its temperature and MAPO, while
the knock intensity model [24] analytically defines the relationship between a calibratable
MAPO percentile and the maximum in-cylinder pressure (Pmax), for any given operating
condition (i.e., engine speed, load, target value of lambda and fuel quality). Both models
can be considered as an innovative contribution to the field of knock modeling and control,
especially because they allowed the development of the complex open-loop control chain
described in this document that has the capability of converting a target piston damage

















































































