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Safe operation of dual-fuel engines
using constrained stochastic control

Carlos Guardiola1, Benjamı́n Pla2, Pau Bares2 and Alvin Barbier2

Abstract
Premixed combustion strategies have the potential to achieve high thermal efficiency and to lower the engine-out
emissions such as NOx. However, the combustion is initiated at several kernels which create high pressure gradients
inside the cylinder. Similarly to knock in spark ignition engines, these gradients might be responsible of important
pressure oscillations with a harmful potential for the engine. This work aims to analyze the in-cylinder pressure
oscillations in a dual-fuel combustion engine and to determine the feedback variables, control actuators, and control
approach for a safe engine operation.

Three combustion modes were examined: fully, highly and partially premixed, and three indexes were analyzed to
characterize the safe operation of the engine: the maximum pressure rise rate, the ringing intensity and the maximum
amplitude of pressure oscillations (MAPO). Results show that operation constraints exclusively based on indicators
such as the pressure rise rate are not sufficient for a proper limitation of the in-cylinder pressure oscillations. This paper
explores the use of a knock-like controller for maintaining the resonance index magnitude under a predefined limit where
the gasoline fraction and the main injection timing were selected as control variables. The proposed strategy shows
the ability to maintain the percentage of cycles exceeding the specified limit at a desired threshold at each combustion
mode in all the cylinders.
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Introduction

Environmental concerns in engine-related air pollution
and global warming drove the research community
to continuously develop more advanced and efficient
technologies. Nevertheless, combustion engine efficiency
optimization is a challenging task that comes with its
limitations and trade-off, e.g. fuel consumption and pollutant
emissions in diesel engines or lack of direct control of
the combustion timing and limited operating range in
premixed combustion strategies such as homogeneous
charge compression ignition (HCCI)1–4. Among these
limitations, in-cylinder pressure oscillations are a key
information to consider in order to provide tools that could
be used to develop safe and efficient combustion operation
strategies5.

In spark ignition (SI) engines, the main limiting factor to
efficiency improvement is knock. Knock corresponds to the
auto-ignition of the end gas, before the flame front reaches all
the combustion chamber, which excites heavily the resonant
frequencies inside the cylinder and results in thermal
efficiency drop and can be responsible of engine damage6.
Such phenomena might be detected by frequency analysis
of the engine block vibration using accelerometers7,8, or
by direct measurement of the cylinder pressure signal9,10.
According to the recent trend for enhanced control strategies
need, in-cylinder pressure sensors appear to be powerful
candidates11. Nevertheless, such sensors use to lead to added

system complexity and cost which explains why they are
traditionally limited to investigation applications12.

Various indexes can be found to evaluate the knock
content13–15 but the maximum amplitude of pressure
oscillations (MAPO) is one of the most common16,17. The
MAPO is obtained by high-pass filtering the measured
in-cylinder pressure trace every cycle and a threshold is
traditionally determined empirically from experimental data
by the user to avoid engine damage. When combustion
conditions lead to unsafe operation where spontaneous
auto-ignition of the end gas appears, the MAPO is detected
above this limit and the cycle is considered as knocking18.
Since the spark is responsible of triggering the combustion,
knock is essentially controlled by means of spark advance
(SA) regulation19–21. In the conventional knock control,
every cycle the spark angle is advanced by an amount of
kadv for engine efficiency improvement, and delayed by
a higher amount kret when a knocking cycle is detected.
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Detailed reviews about knock phenomena can be found in
Zhen et al.13 and Wang et al.22.

In compression ignited (CI) engines, the safe operation
of conventional diesel combustion (CDC) is commonly
associated to its maximum pressure rise rate (MPRR)
and engine noise level which is affected by the pressure
oscillations caused by the combustion23,24. Multiple
injection strategies aim to reduce the amount of fuel
burned in premixed conditions with a short pilot injection
combustion. This lowers the ignition delay of the main
injection and hence act on the pressure rise rate and the
oscillations intensity25,26.

New low temperature combustion (LTC) modes such as
HCCI or reactivity controlled compression ignition (RCCI)
aim to emit low NOx and low soot concentration thanks to
longer ignition delays27–29. They are nevertheless limited
by their MPRR levels due to the rapid auto-ignition of the
mixture30–32 and use to exhibit high resonance excitation33.
Similar to knock in SI engines, the resulting pressure waves
represent a source of potential damage for the engine and
must be limited and controlled. The ringing intensity (RI)
proposed by J.A. Eng34 to evaluate the pressure waves is a
commonly adopted index for this kind of combustion where
a criterion of 5 MW/m2 is often considered to differentiate
knocking from non-knocking cycles35,36.

Shahlari et al.37, Wissink et al.38 and Dernotte et al.39

studied the pressure oscillations in various combustion
modes using different indexes such as the MPRR, RI
and characterizing the combustion noise generated by the
pressure waves using power spectral density (PSD) analysis.
It was highlighted that the magnitude of the three indexes
are not always correlated and that the levels of MPRR
and RI are highly dependent on the processing of the
cylinder pressure signal. The raw data is subject to noise
amplification when calculating its gradient and this might
bias the detection of ringing event. However, filtering may
remove some information and provide noticeably different
values of MPRR and RI. Consequently, it is important to
clearly define the filter characteristics along with the results.

In dual-fuel engine applications, Selim40 considered the
MPRR as an index to study knock. The engine used pure
methane (CH4), compressed natural gas (CNG) and liquefied
petroleum gas (LPG) as the main fuels, and diesel as the
ignition source. He found that advancing the diesel injection
resulted in higher ignition delays and thus increased the
maximum cylinder pressure and MPRR levels. Kirsten et
al.41 proposed a knock event detection which separates
the ringing oscillations due to the premixed combustion
and the knocking combustion of the end-gas in a natural
gas/diesel engine. The detection method calculates a factor
using the information from each phase and compares it to a
threshold. The knock threshold was calibrated by analyzing
cylinder pressure traces and evaluating if the cycles were
in non-knocking or knocking conditions. They compared
the data from in-cylinder pressure sensor and conventional
knock sensor at various operating conditions, e.g. lambda
and intake temperature, showing a good agreement in the

detection of the knocking cycles. Lounici et al.42 also
studied knock in natural gas/diesel engines. In this case
the MAPO was used and they found that the brake thermal
efficiency and the emissions were worsened under knocking
conditions. In addition, as the knock intensity was increased
a higher cyclic variability of the index was noticed. The
MAPO was also used by Chen et al.43 to study the cyclic
knock variability in a methane/n-heptane CI combustion
engine varying the timing of the n-heptane injection. In
this case, higher levels of MAPO were obtained at higher
premixed conditions. They optically observed the multipoint
auto ignition process of the combustion and stated that the
pressure oscillations were induced by local fast burning rate.

While it is common to find studies about the definition
of knock and combustion noise indexes in premixed
combustion engines and how the control variables would
affect them (some additional examples might be found in the
literature44–46), few of them were dedicated to implement
the strategies in a real-time control application. In particular,
most of the works that proposed such kind of controller used
the MPRR as the limitation value47–50 but did not assess
the pressure oscillations. Mashkournia et al.51 implemented
a controller in an HCCI engine where the knock was
detected by a discrete wavelet transform of the pressure
oscillations. A threshold was experimentally determined and
the controller kept the knock index close to the desired value
by regulating the fuel octane number of the mixture (dual
injectors of n-heptane and iso-octane).

This work aims to study the combustion pressure
oscillations in a dual-fuel engine and to evaluate a control
strategy for ensuring a safe operation of the engine. In
particular, three operating conditions are investigated: fully,
highly and partially premixed combustion. The respective
pressure rise rate, ringing intensity and amplitude of
pressure oscillations levels are analyzed and it is shown
that: each combustion mode results in distinct resonance
excitation, and indexes based on low-pass filtered signals
such as the MPRR may lead to an underestimation of the
pressure oscillations magnitude. A combustion sensitivity
study is then performed to investigate the influence of
the control variables on the resonance and based on these
conclusions, a knock-like controller using the gasoline
fraction and the diesel injection timing to control the MAPO
is proposed and validated in the different combustion
strategies showing the ability to control the number of cycles
exceeding the resonance index limit in all the cylinders.
Here, individual in-cylinder pressure sensors were used as
feedback information about the combustion to obtain the
limitation factors. Although these sensors are not widely
found in on-road applications, the designed control strategy
was yet considered relevant because the index obtained by
this method might be substituted by another one coming
from competitive cylinder pressure measurement techniques
or non-intrusive estimation approach52–55 and still be
applicable, as long as a sensitivity to the chosen control
inputs exists.

The article is structured as follows: first, a brief description
of the experimental facilities and the acquisition and signal
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processing tools used in this study is presented. Next, the
investigated combustion modes are introduced and followed
by an analysis of the resonance detection methods where
it is shown that existing indexes may lead to different
conclusions. According to the previous analysis, a control
strategy is proposed based on combustion sensitivity results.
The controller is then validated at each combustion mode
and finally, the last section highlights the contribution of this
paper and summarizes the results.

Experimental facilities
The engine used in this study was a six cylinder heavy-duty
diesel engine, which specifications can be found in Table 1,
modified to run in dual-fuel combustion by adding a port fuel
injector (PFI) at each cylinder.

Table 1. Engine specifications

Bore x Stroke 110 mm x 135 mm
Connecting-rod length 212.5 mm
Compression ratio 12.2:1
Number of cylinders 6
Total displacement 7700 cm3

In this work the high reactivity fuel was diesel and it
was direct injected (mdi) at a rail pressure Prail controlled
by the commercial engine control unit (ECU). The low
reactivity fuel, i.e. gasoline, was port fuel injected (mpfi) at
a constant injection pressure of 7 bar. The gasoline fraction
(GF) corresponds to the ratio of gasoline to the total fuel
injected:

GF =
mpfi

mpfi +mdi
(1)

The control of the injection settings at each cylinder, i.e.
duration of injection (DOI) and start of injection (SOI),
was carried out using dedicated devices connected to an
embedded Field Programmable Gate Array (FPGA) chassis
from National Instruments (NI 9155). A NI 9752 module
was used for cam and crank angle synchronization and the
injectors pulses were generated by two NI 9751 and two
NI 9758 modules for the direct and the port fuel injection,
respectively.

The engine is equipped with a variable geometry turbine
(VGT) for varying the boost pressure controlled by the ECU,
both low pressure (LP) and high pressure (HP) exhaust gases
recirculation (EGR) valves controlled by CAN (PXI-8512)
and a back pressure (BP) valve at the exhaust to provide the
desired air dilution controlled by an analog signal generated
by the real-time controller (PXIe-8135). The EGR amount
was calculated using the CO2 balance at the intake and the
exhaust using an Horiba Mexa-One gas analyzer.

An in-cylinder pressure sensor from Kistler, type 6125C,
was mounted in each cylinder (Pcyl) and the intake pressure
(Pint) was measured by a Kistler 4045A10 sensor. Both
signals were monitored with a sampling frequency function
of the engine speed using a research encoder set with a

BP exh.
LP-EGR
HP-EGR

Prail
VGT

DOI
SOI

Cam
Crank Injectors

pulses

ECU

PXI Real-Time 
controller

FPGA module

Pcyl
Pint

Heavy-duty dual-fuel engine

Figure 1. Experimental facilities layout: control actions (blue)
and data acquisition (grey)

resolution of 0.2 crank angle degree (CAD) per sample.
The acquisition of the different signals was handled by a
16 analog channels acquisition card (PXIe-6358) connected
to the real-time controller (PXIe-8135) from National
Instruments which was in charge of processing and saving
the data. A scheme of the control and acquisition layout is
shown in Figure 1.

The in-cylinder pressure pegging56 was done using the
intake manifold pressure near the intake bottom dead center
(BDC) and the signal was filtered at 2.5 kHz. The cutoff
frequency was chosen according to the resonant frequency
calculation for the first circumferential mode in a cylindrical
combustion chamber57 where the axial modes are neglected
as in (2), where B1,0 is the Bessel constant, c the local speed
of sound and D the engine bore. Using dual-fuel combustion
data from low up to full load from the studied engine it
was found that the first mode frequency was ranging from
3 to 5 kHz in the -20 to 40 CAD after top dead center
(aTDC) window. Hence, 2.5 kHz was chosen to separate the
combustion content (i.e. low-pass filtered signal, plp) from
the pressure oscillations (i.e. high-pass filtered signal, php).
The heat release calculation and the combustion metrics such
as the indicated mean effective pressure (IMEP) and the
crank angle where 50% of the energy has been released
(CA50) were obtained from the low-pass filtered signal.

f1,0 = B1,0
c

πD
(2)

Dual-fuel combustion strategy
Dual-fuel combustion offers additional degrees of freedom
to control the combustion reactions and might therefore
be found in various injection strategies58,59: at low loads,
the gasoline fraction is used to modify the reactivity of the
mixture, while at high loads, the diesel injection triggers the
combustion in a strategy characterized by the stratification
of the late diesel injection and the fuel that has been mixed
previously.
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In this work, three typical combustion concepts were
evaluated, namely: fully premixed, highly premixed and
partially premixed. Each combustion mode is commonly
associated to a specific area of the engine operating map as
illustrated in Figure 2:

• At low load, the highly premixed condition is used
to ensure enough mixture stratification to ignite at
the right moment and thus provide a well phased
combustion.

• By increasing the load, more energy is available and
the diesel injections can be advanced to reach fully
premixed conditions. This results in high mixing times
and therefore ensures low NOx and soot emissions.

• Finally, at high loads the rapid auto-ignition of the
mixture becomes critical and only partially premixed
combustion can be safely achieved. To this aim, a
single diesel injection is moved in the vicinity of the
top dead center to reduce the amount of premixed
charge. In these conditions the combustion might show
some diffusive-like behavior, which penalizes the total
NOx emissions but extends the operating range of the
dual-fuel combustion.

Partially premixed

Highly premixed

Fully premixed

G

TDC35340

TDC60340

DI

G

TDC15340
G

Figure 2. Injection strategy for each combustion mode in the
engine operating map. In blue is shown the gasoline injection
(G) and in red are illustrated the diesel injections (DI). The
numbers under the injections representation stand for the
injection timings indicated in ◦bTDC

For illustration and comparison purposes a medium-low
load point was selected where all the combustion modes can
be tested by applying the appropriate control inputs, namely
EGR, gasoline fraction, and diesel injection timings. Table
2 collects the information from the main control inputs
required for performing such modes and the respective
in-cylinder pressure and heat release rate (HRR) evolution
are shown in Figure 3. This figure shows the cycle-to-cycle
signal from 500 consecutive cycles at steady-state operation
in grey, and an individual selected cycle is highlighted in
black.

Resonance detection methods
In Figure 4 are illustrated the in-cylinder pressure
oscillations from the experimental conditions shown in
Figure 3. The rapid combustion of the premixed charge
heavily excites the in-cylinder pressure resonance leading
to important pressure oscillations which might persist till
the end of the piston stroke. It can be observed that the
oscillations of the in-cylinder pressure signal are influenced
by the combustion events: note that in fully and highly
premixed combustion conditions (OP 1 and OP 2) the
pressure oscillations are lower in magnitude compared to
the partially premixed case (OP 3). In the latter case, a
premixed mixture with low reactivity is suddenly burned
by the first reactions of a late diesel injection combustion
and significant inhomogeneities might lead to high pressure
oscillations at some conditions. Substantial combustion
pressure oscillations might be a source of thermal efficiency
loss and possible damage for the engine and therefore need
to be tracked.

Among the various existing indexes to characterize the
harmful potential of the combustion operation, three of them
were mentioned in the introduction section: the maximum
pressure rise rate (MPRR), the ringing intensity (RI) and
the maximum amplitude of pressure oscillations (MAPO).
While the first one characterizes how fast the combustion
pressure evolves, the last two aim to describe the pressure
oscillations generated by the combustion. Due to the
extensive use of the MPRR in the literature as a combustion
operation limitation, this index is analyzed along with the RI
and the MAPO as well.

The MPRR, expressed in bar/CAD, is obtained with
the maximum value of the first derivative of the filtered
pressure signal plp. This index has been widely used as
a mechanical constraint to limit the combustion operation
due to its easy calculation and implementation in real-
time applications. Nevertheless, being based on the low-
pass filtered pressure trace, this index alone fails to capture
the combustion pressure oscillations as it was highlighted
by Wissink et al.38. Assuming that high pressure rise rates
stimulate pressure oscillations in the combustion chamber,
the ringing intensity, expressed in MW/m2, was proposed by
Eng34 to estimate the intensity of the pressure waves with the
following correlation:

RI ≈ 1

2γ

(
β
(
dP
dt

)
max

)2
Pmax

√
γRTmax (3)

where (dP/dt)max, Pmax and Tmax are the maximum
pressure rise rate (kPa/ms), cylinder pressure (kPa) and
temperature (K), respectively. Note that (dP/dt)max is the
time-based equivalent of the crank-based MPRR mentioned
earlier. The adjustable term β aims to relate the pressure
oscillations amplitude to the pressure rise rate and is often
considered to be 0.05, while γ is the heat capacity ratio and
R the gas constant. This method was found to be more robust
but sensitive to the calibration of β and, as it was pointed
out by Dernotte et al.39, this correlation was originally
designed to be implemented in zero- and one-dimensional
engine models which do not account for any information of
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Table 2. Operating conditions for each of the investigated combustion modes

Parameter Unit Fully Highly Partially
premixed premixed premixed

Operating point (OP) 1 2 3
Engine speed [rpm] 1800 1800 1800
IMEP [bar] 12.5 12.4 11.2
CA50 [◦aTDC] 2.5 3 12
Pint [bar] 2.05 2.15 2.15
Tint [◦C] 63 67 60
EGR [%] 44 43 33
GF [%] 63 62 62
SOIpilot [◦bTDC] 60 34 none
SOImain [◦bTDC] 46 19 10

Figure 3. Pressure signals (top plots) and heat release rate (bottom plots) for different dual-fuel combustion strategies (grey: series
of 500 consecutive cycles, black: individual selected cycle)

Figure 4. In-cylinder pressure oscillations for different dual-fuel combustion strategies (grey: series of 500 consecutive cycles,
black: individual selected cycle)

the pressure waves. The ringing intensity shares therefore
similar limitation with the MPRR. Lastly, the MAPO
directly measures the maximum absolute value of the
pressure oscillations amplitude through the php signal and
is expressed in bar. Although this index addresses explicitly
the measured pressure waves, it is implicitly sensitive to the
pressure trace measurement aspect, e.g. pressure transducer

location. Finally, it must be noted that the three indexes
share the common attributes of being sensitive to the filter
definition and of having a threshold definition, to separate
knocking from non-knocking cycles, which is function of
the application, the engine and is traditionally empirically
set.
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Figure 5 shows the corresponding distribution of the
MPRR, the RI and the MAPO for all the operating
conditions listed in Table 2 with box and whiskers plots.
Reducing the premixing time of the mixture allows to
decrease the MPRR and RI levels, but it can be observed
that in contrast the MAPO level increases, showing that
indexes such as the MPRR alone lack of resonance content
estimation ability. The similar RI magnitude noticed in
OP 2 and 3, although the MPRR was reduced, is likely
to be justified by the maximum pressure and temperature
compensation, see (3). Furthermore, it can be seen that the
measured ringing intensity levels exceed the traditional limit
of 5 MW/m2 although the MPRR is below the considered
safety margin of 15 bar/CAD in this engine, showing the
calibration and engine dependency of the resonance indexes.
Also, it must be noticed that the variability of the MPRR and
RI decreases as it approaches partially premixed conditions
but the expected oscillations have, on the opposite, an
important cycle-to-cycle variability, i.e. from 2.5 to more
than 20 bar of MAPO showing the stochastic nature of
the resonance excitation. Overall, this figure shows that
an opposite trend may be detected when addressing the
pressure oscillations with a direct measurement such
as MAPO compared to an indirect one like the MPRR.
Consequently, high resonance excitation might be identified
although safer operation would be supposed by the pressure
rise rate reading alone. For this reason, the MAPO was
therefore chosen as the resonance index to analyze in the
following sections.

Figure 5. Comparison of MPRR, RI and MAPO levels in the
three evaluated combustion modes

Highly premixed conditions are commonly associated
with an important cyclic combustion evolution variability
due to the inhomogeneities at the combustion ignition
(kinetically controlled combustion)60. Additionally,
multicylinder engines might present uneven fuel distribution
from the PFI system, direct injectors ageing, or EGR
dispersion between cylinders when using high pressure EGR
conditions61,62. Henceforth, the resonance intensity of a
given operating condition can be understood as a stochastic
phenomena, in the same way than knock is understood in

spark ignited engines.

In Figure 6, the MAPO probability density function (PDF)
at each cylinder in the dual-fuel engine at each combustion
mode is illustrated. The resonance intensity observed at
each cylinder shows that: first, each cylinder should be
controlled individually, and second, that the resonance
intensity is random in nature, and hence, the control should
be addressed from this perspective. In the present study,
it can also be noticed that cylinder 1 exhibits a distinct
amplitude distribution compared to the general trend in the
other cylinders. This was attributed to the pressure sensor
location in the cylinder where the pressure oscillations may
be sensed differently63.

Indeed, as shown in Figure 7, the tested engine was
equipped with five pressure sensors positioned at the
same location for cylinder 2 to 6, while cylinder 1 had a
pressure sensor in a different location for engine geometry
reasons. The transducer position has an important role in
the measurement of the high frequency component of the
combustion pressure. The majority of the resonance content
released by the combustion was found to be characterized
by the first two circumferential modes38,39 and their
measurement depends therefore on the combustion chamber
geometry and the pressure sensor location. As an example,
it is not recommended to use centrally mounted transducers
when investigating knock-like phenomena12 because such
configuration would mainly detect the first radial mode,
and identical pressure sensor properties and mounting in
all the cylinders is therefore advised. This can be further
understood in Figure 8 where the first two circumferential
(m) and the first radial modes (n) in a cylindrical chamber
are illustrated57, from left to right respectively. In this figure
the lines represent the nodes where the pressure is constant,
hence, if the pressure transducer is located in one of these
nodal lines the corresponding resonant mode detection
becomes challenging64.

Resonance excitation and control in
dual-fuel engines
In order to ensure a safe operation of the engine it is
necessary to find which control variables drive the knock
index (MAPO in this case). In Figure 4 it was shown that
the combustion conditions, e.g. rate of energy released, start
of combustion, mixture stratification, affect the pressure
oscillations amplitude. Accordingly, each combustion mode
is expected to exhibit a different sensitivity to the control
inputs depending on the conditions. The combustion might
be controlled by the injection strategy such as the gasoline
fraction (GF) or the start of injection (SOI) of the direct
injected diesel, as well as by the air-path (EGR, intake
temperature, etc). Nevertheless, in order to ensure a fast
and safe control of the engine operation, the injection
strategy only was considered here for its ability to modify
the combustion within a cycle resolution. It was therefore
decided to investigate the combustion sensitivity to a change
in the gasoline fraction and the start of the main diesel
injection for the three operating points discussed in the
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Figure 6. Individual cylinder MAPO probability distribution in all the combustion modes

1

2

Figure 7. Scheme of the in-cylinder pressure sensors location.
Location 1: cylinder 1, location 2: cylinder 2 to 6

+ - + + +
--

-

(1,0) (2,0) (0,1)

Figure 8. Resonant modes in a cylindrical chamber where
circumferential (m) and radial (n) modes are indicated in the
form (m,n)

previous section and the results are shown in Figure 9. For
the sake of clarity, note that this figure shows the probability
density function from only one cylinder.

In this figure it was found that the resonance was mainly
driven by the gasoline fraction in fully premixed conditions,
where higher gasoline rates reduced the average levels,
while the injection timing effect was less clear. This was
to be expected due to the kinetically controlled combustion
in these conditions. Indeed, due to the early injection
timings and high mixing times in this combustion mode,
a slight change in the injection timing is believed to not
affect drastically the combustion evolution. On the other
hand, the gasoline fraction acts on the in-cylinder global
reactivity which results in a modification of the combustion
development65 where the resonance might be excited in a
higher amount, e.g. the combustion energy is released at once
closer to the top dead center by advancing the combustion.
Once the diesel injection timing is getting closer to the
top dead center, the effect of this control variable becomes
more relevant in the knock index distribution as it is shown

in the partially premixed case (OP 3) where advanced
timings resulted in higher resonance amount. This is due
to the mixture stratification modification resulting from
the change in SOI. By approaching the TDC vicinity,
the mixture becomes less homogeneous and richer local
equivalence ratios appear which enhance the combustion
reactions. Contrary to the fully premixed case, here the
gasoline fraction is seen to have no clear effect on the
MAPO distribution where the first reactions of the diesel
injection with the premixed gasoline are found to excite
the in-cylinder pressure resonance in a similar way at these
levels of mixture reactivity. For its part, the highly premixed
condition represents an in-between case where both gasoline
fraction and injection timing have some control authority
depending on the conditions and where a transition in the
combustion regime might be observed66.

The proposed control strategy to ensure a safe operation
of the engine by controlling the resonance intensity in the
combustion chamber is based on its stochastic nature. The
probability distributions such as shown previously in Figure
9 can be used to set an index threshold not to be exceeded
with a predefined probability. The controller should then
always ensure that, independently of the combustion
mode operated, the probability of having a cycle above
the threshold will be maintained at a certain value. This
threshold is defined for engine safety and durability and
can be shared at each cylinder, considering that the pressure
oscillations are equally measured and processed in all the
cylinders, e.g. pressure sensor location.

A commonly used technique for such purpose is the
conventional knock control, which continuously modifies a
given input (u) at every engine cycle k by a certain amount
kadv till an event above the knock index (KI) threshold
is detected67 (note that although the observed pressure
oscillations phenomena differs from traditional knock in SI
engines, here the word knock is sometimes used instead
of resonance when referring to the index to facilitate the
description). Once such event appears, the input is modified
in the opposite direction by a larger amount kret:

uk =

{
uk−1 − kret, if KI > KIlim

uk−1 + kadv, otherwise
(4)
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Figure 9. Maximum amplitude of pressure oscillations sensitivity to control inputs in all the dual-fuel combustion modes: gasoline
fraction (top plots) and diesel injection timing (bottom plots)

where kadv and kret calibration defines how fast the
controller approaches the operation limit (KIlim) and how
the input is modified when an event is detected.

Under stable operation, it is supposed that on average
both increments should cancel each other. Considering that
kret (i.e. knock event) occurs with a probability p, these
two parameters can therefore be linked by the following
relation68:

kadv =
p

1− p
kret (5)

Consequently, if the probability p is considered as a
design parameter, either one of kadv or kret should be
defined to fully characterize the controller. By adjusting
these parameters, a trade-off can be found between fast
response to knocking events and high control actions
dispersion19.

Finally, note that this work investigates the use of MAPO
which is obtained from the in-cylinder pressure measurement
but one could evaluate the pressure oscillations intensity
using another index or technique, e.g. conventional knock
sensor on the engine structure, and yet implement the
proposed strategy, as long as a sensitivity to the selected
control inputs exists.

Results and discussion
The gasoline fraction and the injection timing were evaluated
as the control variables in a knock-like controller according
to the parameters listed in Table 3 to maintain the probability
of cycles with a MAPO above a specified threshold in the
three considered combustion modes. Note that here, the
percentage of events p and kret were selected to characterize
the proposed controller and kadv was therefore calculated
on-line using (5). A scheme of the combustion resonance
controller used to obtain the following results is illustrated
in Figure 10 where uk corresponds to either GF or diesel

main SOI, and KI is the chosen index, in this case: MAPO.

ENGINE

kret

kadv
p

uk

uk-1

+
-1

Gain

Controller 
gains

Eq. (5)

KI>KIlim ?

Z-1
Yes

No

Figure 10. Knock-like controller architecture applied to the
dual-fuel engine where uk corresponds to either GF or SOI, and
KI can be MAPO or another designed index

A summary of the results can be found in Table 3 where
the obtained probability of exceeding cycles is named pki.
Note that due to the different levels obtained in cylinder 1
(see Figure 6), it was decided to not include this cylinder in
the controller validation. Therefore, in the table are indicated
the median, minimum and maximum probability from
cylinders 2 to 6. When a control variable had no authority
on the resonance intensity, the percentage of events could
not be controlled, leading to undesired values as discussed
in the following conclusions.

Here the results were obtained considering that the
combustion sensitivity sign is known, e.g. the gasoline
fraction should be increased in fully premixed conditions
to decrease the resonance levels, and each control variable
was tested independently. Therefore, a control architecture
where both control inputs would be actuated and where an
automatic transition from one mode to the other would be
applied was not evaluated in this work.
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Table 3. Operating conditions and results from the tests performed to evaluate the knock-like controller at each combustion mode

OP 1 OP 2 OP 3
Test 1A 1B 2A 2B 3A 3B

u GF SOI GF SOI GF SOI
umin [-]/[◦bTDC] 0.30 35 0.30 6 0.30 8
umax [-]/[◦bTDC] 0.92 49 0.92 23 0.85 20
KIlim MAPO [bar] 5.5 5.5 7 7 18 18
p [-] 0.030 0.030 0.030 0.030 0.030 0.030
kret [-]/[CAD] -0.03 1 -0.03 1 -0.03 1
pki,median [-] 0.030 0.053 0.030 0.032 0.032 0.028
pki,min [-] 0.028 0.028 0.028 0.028 0.005 0.027
pki,max [-] 0.032 0.145 0.032 0.032 0.033 0.030

It is important to note that the objective of the following
validation is to evaluate the potential of the chosen variables
to maintain the combustion operation to its limit by means
of a knock-like controller in all the combustion modes.
Hence, the KI limitation was defined according to each
combustion conditions, i.e. the limit was set empirically
and relatively close to the original levels, hence restricting
the controller amplitude range of actuation. The definition
of a global index limitation for the whole engine map was
not evaluated in this work and it is therefore important
to highlight that the obtained results correspond, in some
extent, to a narrow range of control actuation where a
more restrictive knock index limitation definition might
cause control restrictions and exhibit distinct outcomes.
Nevertheless, this situation is to be expected if such control
strategy is activated in circumstances where the operating
conditions are reaching the engine limitation and thus would
ensure to not overcome it. The control implementation for
activation and deactivation as a function of the combustion
operation, e.g. enabled only when harmful conditions are
met until safer ones are expected, was not considered here.

Each control variable, i.e. GF and SOI, was constrained as
stated by the values umin and umax in Table 3. According
to the previous combustion sensitivity analysis, it was
found that the resonance level should be controlled by the
gasoline fraction in fully and highly premixed conditions
where a higher quantity results in lower resonance levels.
The controller will therefore first attempt to reduce the
gasoline fraction until a cycle is detected to overcome the
limit. Even though the knock index should be detected
above the limit before reaching really low GF levels, the
lower limitation was set in every case to avoid pure diesel
operation. Meanwhile, the upper value was set to avoid
high gasoline concentration which could lead to misfire
conditions and result in unstable combustion. In fully
and highly premixed combustion modes, the injection
timing upper limit was set to avoid injections merging
with the pilot injection (i.e. dwell time limitation) while
in fully premixed case the value was chosen to leave
some margin to the controller action to ensure a proper
evaluation in these conditions and avoid combustion regime
modification. The lower injection timing limitation was
chosen to avoid combustion regime transition (OP 1 and 2)
or unstable operation and poor combustion efficiency (OP 3).

Figure 11 to Figure 13 show the controller behavior in
three selected cases from Table 3. In each of these figures,
the area in white represents the phase of the test where the
controller is enabled, while when it is not, the area is colored
in grey. The top plot shows the cycle-to-cycle knock index
level at each cylinder, the middle plot the control actions and
the bottom plot the evolution of the probability of exceeding
cycles in a moving buffer of 100 cycles. The continuous
black line in the top plot represents the KI limit, and the
desired probability threshold in the bottom plot.

As suggested in Figure 9 and confirmed in the results
in Table 3, in fully premixed operation, only the gasoline
fraction is able to drive the index to the desired threshold
(Test 1A), compared to the injection timing which results in
an out of range probability (pki,median = 0.053) with high
cylinder-to-cylinder probability dispersion, from a minimum
of 0.028 in cylinder 3 to a maximum of 0.145 in cylinder
4 (Test 1B). Figure 11 illustrates the controller response
to the conditions in Test 1A. It can be observed that the
controller was able to maintain the cycles exceeding the
MAPO limit to the desired probability threshold using the
gasoline fraction as the control variable in all the cylinders.
Once a cycle was detected above the MAPO limit (specified
in Table 3), the gasoline fraction was reduced by an amount
kret and slowly drove back to the limit operation. Note that
in order to appreciate the final magnitude in the probability
evolution, the bottom plot is cropped and some cylinders
are therefore not fully represented. It is also observed that
not all the cylinders have a starting probability of cycles
exceeding the limit above the specified threshold (i.e. when
the controller is not enabled), which shows that, if applied
in a complete control strategy scenario, each cylinder might
be individually enabled or not according to their original
resonance levels.

Similarly to the fully premixed case, the gasoline fraction
was able to maintain the combustion at its operation limit
in the highly premixed case (Test 2A). On the contrary, the
injection timing effect in Test 2B was less straightforward in
these conditions. Figure 12 shows the results obtained when
the SOI was used to control MAPO in OP 2. It is observed
that the injection timing at each cylinder is individually
controlled within umin and umax range (represented by
black dashed lines) to drive the probability of the cycles
exceeding the limit value towards the desired probability
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Figure 11. Test 1A, MAPO control using the gasoline fraction in
fully premixed conditions (the reader is referred to Figure 6 for
the cylinder color legend description). Continuous black line:
MAPO limitation (top) and probability threshold (bottom)

threshold as shown in the bottom plot. Overall, the control
actions in this case show some authority but are less explicit
compared to the gasoline fraction, which agrees with Figure
9 and might be explained by the in-between situation of the
injection timing effect under these conditions (transition
between kinetically and mixing controlled combustion).

Finally, Test 3A and Test 3B were performed to evaluate
the ability of the gasoline fraction and the injection timing
to control the MAPO distribution in partially premixed
conditions, respectively. In Test 3A the gasoline fraction was
found to not be able to control the combustion to the desired
operation limit in all the cylinders as indicated in Table 3.
This was expected according to the very low sensitivity
found in the previous section (see Figure 9). Meanwhile, the
injection timing was capable of moving and maintain the
MAPO probability towards the defined threshold as shown
in Figure 13. In this case the injection timing is advanced in
almost all the cylinders because the starting MAPO levels
were below the defined limitation.

In order to evaluate if the proposed control architecture
could be applied with more traditional combustion limitation
indexes, the same analysis was performed using the MPRR
and the RI. The results are summarized and compared in
Appendix I.

Summary and conclusion
This work studied the combustion pressure oscillations in
a dual-fuel heavy-duty engine with different combustion
strategies: fully, highly and partially premixed. It was
observed that, although having the same load, each
combustion mode presents a distinct pressure oscillations

Figure 12. Test 2B, MAPO control using the start of the main
injection in highly premixed conditions (the reader is referred to
Figure 6 for the cylinder color legend description). Continuous
black line: MAPO limitation (top) and probability threshold
(bottom), dashed black lines: control actions limitations

Figure 13. Test 3B, MAPO control using the start of the main
injection in partially premixed conditions (the reader is referred
to Figure 6 for the cylinder color legend description).
Continuous black line: MAPO limitation (top) and probability
threshold (bottom), dashed black line: control actions limitation

content. Three indexes were analyzed to evaluate the
harmful potential of the combustion operation: the maximum
pressure rise rate, the ringing intensity and the maximum
amplitude of pressure oscillations. An opposite detection
trend between them was found against different levels of
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mixture stratification showing that common limitation based
on MPRR alone does not tackle the harmful potential of the
pressure oscillations.

The MAPO was chosen to represent the resonance
intensity in the combustion chamber and a combustion
sensitivity was performed to evaluate the potential control
variables to manage its distribution at each combustion
mode. The gasoline fraction and the main injection timing
were explored and selected to be implemented in the control
strategy.

The control application was based on the conventional
knock controller in SI engines substituting the spark advance
by the gasoline fraction and the injection timing. The results
showed that in fully premixed conditions the controller
was able to limit the pressure oscillations by regulating
the mixture reactivity with the gasoline fraction. Similarly,
the highly premixed condition was found to be efficiently
controlled by the gasoline fraction, and the injection timing
exhibited some authority to control the resulting probability
in a certain proportion as well. At last, the probability
of cycles exceeding the predefined limit in the partially
premixed strategy was well regulated by the injection timing.

In this work, the proposed method offers a solution to
control the resonance excitation intensity in premixed dual-
fuel engines based on the acquisition of the in-cylinder
pressure signal. Nevertheless, one could define another
knock index using a conventional knock sensor placed on the
engine structure instead and apply the same control strategy
definition to improve the pressure oscillations limitation.
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Appendix I

Resonance indexes control comparison
As the MPRR is widely used in feedback applications
for combustion operation limitation, and since the RI
was developed to evaluate the pressure oscillations in the
cylinder without measuring them directly, it was decided to
apply the control strategy described previously with such
indexes and to compare the results with the ones obtained
using the MAPO limitation. The conditions were equivalent
to the ones presented in Table 3 at the exception that the
KIlim were modified according to the considered index and
combustion mode as indicated in Table 4.

Figure 14 shows the results for each index in all the
tests in a similar way than indicated in Table 3: the median
probability pki,median for cylinders 2 to 6 is illustrated in
a circle (GF actuation) or diamond shape (SOI actuation)
and the extreme probabilities (pki,min and pki,max) are
shown with errorbars. Comparable results were observed in
fully premixed conditions (Test 1A and 1B): the gasoline
fraction was able to maintain the probability of exceeding
cycles at the specified threshold for every index, while
the injection timing resulted in high cylinder-to-cylinder
dispersion with probabilities distant from the desired value.
Same conclusions than with the MAPO behavior can be
drawn when using MPRR and RI in Test 2A, 2B and 3B,
while a greater responsiveness to the gasoline fraction was
found in the partially premixed mode in Test 3A. Indeed, in
this combustion mode both MPRR and RI exhibited some
sensitivity as it is illustrated in Figure 15. In this figure,
which compares the distribution of the three indexes in the
same cylinder against control variables variations in all the
combustion modes, it can be seen that unlike the MAPO,
an increase in the gasoline fraction resulted in a, although
slight, decrease in the MPRR and the RI in OP 3. In this
case, the mixture reactivity sweep was sufficient to cause
a change in the combustion evolution measured with the
low-pass filtered pressure trace where the pressure rise rate
and the ringing intensity are obtained from, but was not
sufficient to appreciate an important change in the resonance
excitation in the combustion chamber. Furthermore, it can be
highlighted that in partially premixed conditions the MAPO
distribution exhibits high levels with a high cycle-to-cycle
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Table 4. Knock index limitations for MPRR and RI

OP 1 OP 2 OP 3
Test 1A 1B 2A 2B 3A 3B

u GF SOI GF SOI GF SOI

KIlim
MPRR [bar/CAD] 9 9 7 7 8 8
RI [MW/m2] 7.5 7.5 4.5 4.5 5.5 5.5

variation, representative of the stochastic nature of this
index, which therefore might results in a more challenging
case to ensure authority over the probability of exceeding
cycles.

Figure 14. Probability results of KI occurrences above the
desired limit. The continuous grey line shows the desired
probability threshold (p = 0.03)

This analysis shows that although indexes based on the
direct measurement of the pressure oscillations would be of
greater interest to limit their intensity by means of stochastic
control, more traditional indexes such as the MPRR or the
RI might also be used in the same control architecture and be
able to limit the combustion operation, as long as a sensitivity
to the control variables is evidenced.
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Figure 15. Combustion sensitivity to control inputs in all the dual-fuel combustion modes for all the indexes: gasoline fraction (top
plots) and diesel injection timing (bottom plots)
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