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Abstract

Cylinder-to-cylinder combustion dispersion in internal combustion engines might be caused by various factors (e.g.
manufacturing variations of the injectors or nozzle coking) which can result in an increase in pollutant emissions. When
dealing with low temperature combustion concepts such as premixed dual-fuel, the system might suffer from an additional
source of dispersion due to port fuel injection distribution. Conventional cylinder fuel concentration estimation is based
on look-up tables previously calibrated and saved in the ECU. The ageing and the fuel distribution characterization
of the injectors are a challenging task when relying only on a single UEGO sensor placed at the exhaust. In-cylinder
pressure sensors offer a powerful solution to evaluate the energy released by the fuel with one cycle resolution. The
present work proposes to combine the information provided by such sensor together with conventional sensors, in this
case air mass flow and lambda sensor, for estimating the fuel concentration and blending ratio entering each cylinder in
a heavy-duty dual-fuel engine. A Kalman filter was designed to tackle the dynamics of the system, e.g. lambda sensor
delay and port fuel distribution, and validated in both conventional diesel and dual-fuel combustion. The output of the
filter was then used to update the injectors look-up table in order to cope with ageing and possible bias over time.

Keywords: Dual-fuel combustion, Kalman filter, in-cylinder pressure, heat release calculation, cylinder dispersion,
adaptive look-up table

1. Introduction

With the increasingly stringent pollutant emissions reg-
ulations for internal combustion engines (ICE), low tem-
perature combustion (LTC) concepts (Agarwal et al., 2017)
such as Reactivity Controlled Compression Ignition (RCCI)
appeared to be a promising way to emit ultra-low NOx and
soot levels while keeping high thermal efficiencies (Kokjohn
et al., 2011; Splitter et al., 2013; Benajes et al., 2014, 2017).
The RCCI combustion uses a blend of two fuels with dif-
ferent reactivities: a low reactivity fuel (LRF), e.g. gaso-
line, and a high reactivity fuel (HRF), e.g. diesel. This
allows to modulate the fuel mixture reactivity depending
on the engine operating conditions and to provide bet-
ter control of the combustion process compared to other
strategies such as Homogeneous Charge Compression Ig-
nition (HCCI) (Reitz and Duraisamy, 2015; Paykani et al.,
2016).

From an injection system perspective, common imple-
mentation of dual-fuel concepts such as RCCI consists in
adding a port fuel injector (PFI) at each intake runner for
the LRF while a direct injector (DI) is used for the HRF (Li
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et al., 2017). In dual-fuel combustion engines, the combus-
tion phasing, usually considered as the crank angle where
50% of the energy contained in the fuel mixture has been
released (CA50), is controlled by the in-cylinder reactiv-
ity (Hanson et al., 2011; Benajes et al., 2016). Therefore,
performance as well as pollutant emissions are sensitive to
the operating conditions such as the intake pressure and
temperature, the exhaust gas recirculation (EGR) rate,
and the injection strategies including the proportion of
LRF in the mixture (Benajes et al., 2015; Wang et al.,
2016a; DelVescovo et al., 2017). Desantes et al. (2014)
reported an improvement of 4% of the gross indicated ef-
ficiency maintaining the NOx and soot emissions under
EURO VI limits in a single cylinder RCCI engine by set-
ting the proper EGR and gasoline fraction.

In a research environment, cylinder charge composition
is estimated thanks to dedicated devices such as fuel bal-
ance for the fuel consumption and CO2 balance technique
for the EGR rate using external gas analyzer. However,
in on-board applications only a few sensors are available
for estimating the in-cylinder mixture. As an example,
the injected fuel quantity is usually estimated based on an
injector look-up table function of the injector energizing
time and a pressure of reference (rail pressure for direct
injectors). Nevertheless, over time, the injectors ageing
can lead into a different injected fuel mass.

In a multi-cylinder configuration, cylinder-to-cylinder
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dispersion can represent a source of performance drop and
an increase in pollutant emissions. In direct injection en-
gines, small manufacturing variations, ageing, or nozzle
coking, might favour the cylinder-to-cylinder air-fuel ra-
tio (AFR) dispersion (Payri et al., 2006a; D’Ambrosio and
Ferrari, 2012; Zhang et al., 2020), while in port fuel injec-
tion, in addition to the injector bias, AFR dispersion due
to the cylinder-to-cylinder air distribution is also expected
(Heywood, 1988).

Over the years, different methods were investigated for
individual cylinder air-fuel ratio estimation. Universal Ex-
haust Gas Oxygen (UEGO) sensors placed at the exhaust
can provide an air-fuel ratio estimate. Although usually
limited to an average engine AFR every cycle (Franceschi
et al., 2007; Ebrahimi et al., 2012), some studies aimed
to quantify the contribution of each cylinder on the AFR
measured by a single UEGO sensor by modeling the ex-
haust phenomena and dynamics (Chauvin et al., 2006;
Suzuki et al., 2007; Cavina et al., 2010; Wang et al., 2019;
Guardiola et al., 2019c). In-cylinder pressure can also be
used to estimate the composition of the mixture in the
cylinder: in Tunest̊al and Hedrick (2003); Di Leo (2015);
Finesso and Spessa (2015), the authors determine the AFR
by an inverse combustion model and in-cylinder pressure
reading, while in Guardiola et al. (2014); Broatch et al.
(2015) investigations suggested to use the resonant fre-
quency of the in-cylinder pressure oscillations to estimate
the overall trapped mass. Indeed, Luján et al. (2016) ap-
plied this method on HCCI engines showing its potential
for diagnosis and control, as these type of engines use to
exhibit high resonance excitation (Guardiola et al., 2018b).

Although in-cylinder pressure sensors are not available
in all commercial vehicles, they are considered powerful
candidates for enhancing the control of low temperature
combustion concepts as they provide direct information
from the combustion process (Eriksson and Thomasson,
2017; Willems, 2018). In-cylinder pressure sensors are
mandatory for a precise estimation of the heat released
during combustion, which may be computed in real-time
(Asad and Zheng, 2008; Tunest̊al, 2009). Moreover, the
measurement of in-cylinder pressure signal allows the eval-
uation of the combustion metrics on a per cycle basis, e.g.
the indicated mean effective pressure (IMEP), the CA50,
or the peak pressure rise rate, which can then be used
as a feedback for control strategies based on proportional-
integral-derivative (PID) actions (Olsson et al., 2001; Arora
and Shahbakhti, 2017; Guardiola et al., 2019a) or to have
an insight of the combustion process to develop physi-
cal models for model-based controllers (Bidarvatan et al.,
2014; Kondipati et al., 2017; Indrajuana et al., 2018; Guardi-
ola et al., 2018a).

The aforementioned works were developed for single
fuel applications, however, when dealing with dual-fuel en-
gines, DI injection dispersion is added to PFI variability
(Bach et al., 2012; Kassa et al., 2017). As previously men-
tioned, the portion of LRF injected plays an important
role in the combustion control and pollutant formation, a

proper estimation of such variable is therefore essential.
Some studies can be found for blend ratio (BR) estima-
tion in dual-fuel applications based on different techniques.
Most of them are applied to diesel-biodiesel combustion
and use either the significant difference in the low heating
value (LHV) of both fuels (Beatrice et al., 2011; Junfeng
Zhao and Junmin Wang, 2012) or their different oxygen
content (Snyder et al., 2010; Mirheidari et al., 2012) to
estimate the BR respectively through combustion diagno-
sis or oxygen concentration measurement at the exhaust.
Wang et al. (2015) studied a blending of diesel and gasoline
and based their estimation on a multi-factors fusion rely-
ing on energy released and ignition delay obtained from
in-cylinder pressure measurements. The factors were used
to create mean value experimental maps which were then
used to estimate the blend ratio for feedforward applica-
tion. The cylinder-to-cylinder dispersion was however not
evaluated.

These type of methodologies might provide valuable
information in some operating conditions, but cannot en-
sure a reliable measurement in all the operating range,
henceforth, the information obtained by different sensors
and models need to be combined in multi-dimensional sce-
nario, by designing adequate sensor data fusion algorithms
(Hasegawa et al., 1994; Moulin et al., 2004; Guardiola
et al., 2019b).

The present study investigates the use of the in-cylinder
pressure information for estimating the individual cylin-
der fuel mass amount and blend ratio in a diesel-gasoline
multi-cylinder heavy-duty engine. By combining conven-
tional sensors, cycle-to-cycle measurement of the energy
released by the fuel mixture, and pre-calibrated look-up
tables, the proposed method addresses the cylinder-to-
cylinder dispersion, estimates the ratio of both fuels and
updates the open-loop (OL) maps in order to improve later
control of the engine. Specifically, the proposed method
makes use of a Kalman filter to benefit from the avail-
able sensors information and to cope with the dynamics
of the studied system such as port fuel injection, i.e. wall
wetting effect and distribution between cylinders. While
state-of-the-art closed-loop control strategies relying on
combustion metrics can be effective in single fuel appli-
cations for the compensation of the cylinder-to-cylinder
dispersion due to fueling variations (Willems et al., 2010),
dual-fuel engines represent a more complex environment
(Strandh et al., 2004; Willems et al., 2019) especially un-
der diluted operation where similar individual combus-
tion phasing would not necessarily be representative of the
same fuel mixture reactivity. The present method might
then be used to enhance the feedback information of a
dual-fuel combustion closed-loop controller in order to re-
duce the fuel dispersion between cylinders.

This article is structured as follows: section 2 presents
the experimental setup employed, section 3 introduces the
models, section 4 investigates the cylinder-to-cylinder fuel
dispersion, section 5 and section 6 show the methods and
the results obtained respectively, and the last section high-
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lights the contribution of this work.

2. Experimental facilities

The experimental data in this study were recorded from
a six cylinder heavy-duty diesel engine (see specifications
in Table 1) modified to run in both conventional diesel
combustion (CDC) and dual-fuel combustion by equipping
each cylinder with a port fuel injector.

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

The fuels used were commercial gasoline as LRF and
diesel as HRF, which low heating values are 42.4 and 42.8
MJ/kg respectively. The diesel was direct injected at a
rail pressure Prail controlled by the commercial ECU while
the gasoline was port fuel injected at a constant injection
pressure of 7 bar. Gasoline and diesel fuel consumption
were measured by the respective fuel balances.

The control of the injection settings at each cylinder,
namely 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 setup included a variable geometry turbine
(VGT) for varying the boost pressure, both low pressure
(LP) and high pressure (HP) exhaust gases recirculation
valves and a back pressure (BP) valve at the exhaust to
provide the desired air dilution. The BP valve analog com-
mand was set by a PXIe-8135 real-time controller while the
LP-EGR valves were connected and controlled by CAN us-
ing a PXI-8512 card. The HP-EGR valve and the VGT
command were governed by the ECU.

The engine was fully instrumented with air mass flow
(MAF), pressure and temperature sensors, and a UEGO
sensor was placed close to the turbine outlet (λs). Addi-
tionally, each cylinder was equipped with an in-cylinder
Kistler 6125C pressure sensor (Pcyl) and the intake pres-
sure (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 resolution of 0.2 crank angle degree (CAD) per sam-
ple. The acquisition of the different signals was handled
by a 16 analog channels acquisition card (PXIe-6358) con-
nected to the real-time controller (PXIe-8135) from Na-
tional Instruments which was in charge of processing and

saving the data. A scheme of the engine control setup is
shown in Figure 1 where the blue and grey arrows show
the control and the acquisition flow respectively.

The in-cylinder pressure pegging (Brunt and Pond, 1997)
was done using the intake manifold pressure near the in-
take bottom dead center (BDC) and the combustion met-
rics were obtained after filtering the in-cylinder pressure
with a low-pass filter tuned at 2.5 kHz.

BP exh.
LP–EGR

Prail
VGT
HP–EGR

DOI
SOI

Cam
Crank Injectors

pulses

ECU

PXI Real-Time 
controller

FPGA module

Pcyl
Pint 

MAF
λs

Heavy-duty dual-fuel engine

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

3. Fuel mass estimation from heat release compu-
tation

The energy balance in the cylinder is obtained from
the first law of thermodynamics applied to a closed system
(thus neglecting injected fuel mass and blow-by) with the
ideal gas equation of state:

dQ =
γ

γ − 1
pdV +

1

γ − 1
V dp (1)

where p is the in-cylinder pressure, V the instantaneous
volume obtained by geometric crankshaft-piston position,
γ the heat capacity ratio, and dQ represents the heat
transferred to the system.

A good approximation for the heat variation in the sys-
tem (dQ) is described by a source, the heat released by the
chemical energy of the combustion of the fuel (dQc), and
a sink, the heat transferred to the walls (dQht), following:

dQ = dQc − dQht (2)

The heat capacity ratio γ is dependent on the species
concentration and temperature of the system and may thus
vary during the engine cycle. In this model it was decided
to calculate its value at each crank angle degree using the
same approach than the one used in Lapuerta et al. (1999).
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First, the gas constant Rc of the in-cylinder gas is esti-
mated using the gas constants and the mass fractions of
the species contained in the cylinder, being air (ma), fuel
(mf ) and burnt products (mb):

Rc =
1

mcyl
(Rama +Rfmf +Rbmb) (3)

where ma, mf and mb are the instantaneous mass of each
species at each crank angle degree and mcyl is the total
in-cylinder trapped mass.

Then, the instantaneous in-cylinder temperature is cal-
culated:

T =
pV

mcylRc
(4)

which value will be used to determine the specific heat at
constant volume cv of the three considered species using
polynomial correlations (Lapuerta et al., 1999) and obtain
the global cv:

cv =
1

mcyl

(
cvama + cvfmf + cvbmb

)
(5)

Therefore, using (3) and (5) the instantaneous γ can
be estimated:

γ =
Rc + cv
cv

(6)

The heat transferred to the cylinder walls was mod-
eled using Newton’s law of cooling, which is based on the
engine speed N (in rpm) for its conversion to the crank
angle domain (α), the effective heat transfer area A ob-
tained from the geometry of the cylinder and the piston’s
position, and the thermal gradient between the system and
the environment:

dQht
dα

=
hcA

6N
(T − Tw) (7)

where Tw is the temperature of the cylinder walls and hc
is the heat transfer coefficient which was modeled based
on the Woschni correlation (Woschni, 1967; Payri et al.,
2006b) using the cylinder bore D, the in-cylinder pressure
and temperature (p and T ), and the average cylinder gas
velocity ω:

hc = 0.013D−0.2p0.8T−0.53ω0.8 (8)

where ω was estimated by:

ω = C1Sp + C2
VdisTivc
pivcVivc

(p− pm) (9)

with the mean piston speed Sp, the cylinder conditions at
intake valve closure (IVC), the instantaneous in-cylinder
pressure p, the motored cylinder pressure pm, and C1 and
C2 being two empirical constants (Heywood, 1988).

Combining (2) and (7) it is possible to find the evolu-
tion of the energy released by the fuel mixture dQc. Fi-
nally, for a single fuel, considering the combustion effi-
ciency ηc and the low heating value (LHV ) as known, the

injected fuel mass mf and the energy released are related
through:

mf =
Qc

ηcLHV
=

1

ηcLHV

EV O∫
IV C

dQcdα (10)

where IV C and EV O are intake valve closing and exhaust
valve opening respectively.

This procedure can be used at each cylinder indepen-
dently, so providing the system with six measurements of
injected fuel mass every cycle.

As introduced in (3), (4) and (5), the calculation of the
total energy released by the fuel mixture is dependent on
the estimation of the in-cylinder charge mcyl. A common
way to estimate the total trapped mass is by applying the
speed density method. It is based on the pressure and the
temperature at the intake port and uses a pre-calibrated
volumetric efficiency map function of the engine speed and
the intake pressure (Wang et al., 2016b). However, tradi-
tional methodologies do not take into account cylinder-to-
cylinder variability at the air distribution, which might be
specially critical when high-pressure EGR is used (Mai-
boom et al., 2009; Payri et al., 2010).

In this study it was decided to use the full potential of
the in-cylinder pressure sensor by determining the trapped
mass from the in-cylinder pressure resonance (Guardiola
et al., 2014; Broatch et al., 2015; Luján et al., 2016). This
technique relates the frequency of the first resonant mode
(fres) to the cylinder mass following:

mcyl =
B2

1,0γpV

(fresπD)2
(11)

where B1,0 is the Bessel constant that characterizes the
first resonant mode. The reader is invited to refer to the
aforementioned references for more information about this
method.

3.1. Sensitivity analysis

Although the heat released offers one measurement per
cylinder of the fuel burnt with one cycle resolution, it
might suffer from some bias due to unknown parameters
that vary with the operating conditions, e.g. combustion
efficiency. Considering that most of the critical parameters
that disturb the measurement of the fuel burnt will simi-
larly affect the different cylinders, the cylinder-to-cylinder
dispersion may be estimated with this method.

Nevertheless, it can be assumed that some differences
between the cylinders might exist in the compression ratio
rc because of machining disparity between pistons, in the
distribution of the trapped mass and/or masses concentra-
tion between cylinders due to hardware design, and in the
heat released through the walls due to differences in the
wall temperature Tw caused by unequal refrigeration in all
the cylinders (inner cylinders are usually at higher tem-
perature). These representative factors were numerically
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biased to observe the model deviation from the original
levels obtained. Their impact on the calculation of the
heat released was evaluated at a 1200 rpm-25% load diesel
operating point and the respective biases and results are
detailed in Table 2. The relative bias εQc

was calculated
in percentage by comparing the results of the biased cal-
culation with the original ones.

It must be noticed that in the considered heat release
computation model, a bias of 0.2 points in the compres-
sion ratio will be translated into a variation in the injected
fuel mass estimation below 1%. Similarly, a difference of
wall temperature of 30 degrees and a 20% reduction in
fresh air would cause an estimation deviation below 1%.
Finally, a 10% fluctuation in the bulk temperature (or the
trapped mass mcyl) would imply a variation of 3% in the
final measurement. The model robustness against these
parameters was considered representative of the model ac-
curacy and henceforth, it was assumed to be sufficiently
precise for the application presented in this work, that is
the cylinder-to-cylinder dispersion evaluation. The tem-
perature of the walls, the compression ratio but also the
combustion efficiency were therefore considered the same
for all the six cylinders.

Table 2: Sensitivity analysis on the heat release model

Variable Bias applied Calculated εQc

rc 0.2 points <1%
Tw 30◦C <1%
ma 20% <1%
mcyl 10% ∼3%

It must be noted that high pressure EGR was found to
be responsible of an unequal distribution of the air charge
between cylinders, resulting in a different cylinder species
concentration (Payri et al., 2010). However, this effect is
expected to not impact the fuel quantity estimation con-
sidering that if all the fuel is burnt, the same amount of
energy should be measured regardless of the species in the
cylinder.

4. Fuel mass dispersion characterization

Main applications of injected fuel mass estimation in
conventional engine control unit (ECU) rely on built-in
look-up tables using the energizing time of the injector and
a pressure difference at the injector nozzle: the rail pres-
sure for direct injection (negligible cylinder pressure), and
the intake pressure for port fuel injection (constant injec-
tion pressure). However, even when using the same control
settings, due to manufacturing variations, each injector
could inject a different fuel mass. There have been sev-
eral works dealing with injector bias (Payri et al., 2006a;
D’Ambrosio and Ferrari, 2012; Macian et al., 2006). Here-
after an analysis of the injectors dispersion is shown in
order to characterize the bias at DI and PFI injection.

The fuel burnt at each cylinder is calculated from the to-
tal energy released and a bias percentage at each cylinder
(Θcyl [%]) is calculated by comparing the individual cylin-
der energy to the mean energy released by the six cylinders:

Θcyl =
Qc,cyl −Qc

Qc
with Qc =

1

6

6∑
cyl=1

Qc,cyl (12)

First, the diesel injector was characterized by perform-
ing only CDC. Afterwards, a characterization of the gaso-
line PFI dispersion between cylinders was studied by per-
forming gasoline steps in dual-fuel mode.

4.1. Direct diesel injection characterization

A complete analysis of the diesel injection bias at the
six cylinders was performed by analyzing blocks of 100 con-
secutive cycles at various double diesel injection settings.
In these tests, the rail pressure, the duration of injection
(DOI), and the dwell time were varied to analyze their
effect on the cylinder-to-cylinder dispersion.

Here, conventional diesel combustion was performed in
order to isolate the diesel injectors in the calculation of the
energy released. The injection duration and rail pressure
levels were chosen according to dual-fuel operation over the
whole engine map and the injection timings were adapted
to CDC conditions to avoid high pressure rise rate levels.

Figure 2 shows the bias Θcyl obtained for all six cylin-
ders at various rail pressure values, ranging from 600 to
2000 bar, and for four values of DOI of the main injection,
namely 700, 900, 1100 and 1300 µs while keeping the du-
ration of the pilot injection and the start of both injections
(SOI) constant at 400 µs, and 15 and 5 CAD before top
dead center (bTDC) respectively.

Note that for a given cylinder and DOI, the rail pres-
sure affects the bias: as Prail increases the bias tends to
decrease. It can also be seen that increasing the duration
of injection tends to decrease the bias for all the cylinders
(in percentage).

Figure 3 shows the bias found at each cylinder for var-
ious dwell times (from 0.7 to 1.8 ms), which corresponds
to the time between the end of the pilot injection and the
start of the main injection, at three levels of rail pressure
and constant engine speed of 1200 rpm. Here, the start
of the pilot injection and the duration of both injections
were kept constant at 15 CAD-bTDC, and 400 and 1100
µs respectively, while only the SOI of the main injection
was changed. At a constant dwell time and rail pressure,
the engine speed might affect the rail dynamics and thus
alter the cylinder-to-cylinder fuel distribution. Despite of
such statement and the small variations which can be ap-
preciated in Figure 3, in this work the authors assumed
that the dwell time does not affect the injection dispersion
between cylinders.

As the injection dispersion is supposed to depend only
on the DOI and the rail pressure, but not on the operat-
ing conditions, one way to take into account the cylinder-
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Figure 2: Energy bias percentage at each cylinder at different DOI and rail pressure compared to the mean energy released by all the cylinders

Figure 3: Energy bias percentage at each cylinder at different dwell time and rail pressure compared to the mean energy released by all the
cylinders (the reader is referred to Figure 2 for the cylinder color legend description)

to-cylinder dispersion in the control unit is to measure
the injection rate at each injector under different injection
settings and to obtain which correction should be applied
on each injector. Such method is usually performed by
car/truck manufacturers when installing the injectors in
a new engine. Each injector is firstly tested and then a
specific coefficient is applied in the ECU to consider such
dispersion. However, phenomena such as coking due to
particulate matter produced by the combustion over time
can interfere with such calibration.

An analysis of several tests with the same engine during
17 months at the same operating point (1200 rpm and
25% load with same injection settings) was conducted to
analyze the evolution of the injectors bias. Figure 4 shows
that over time, the bias at each injector is not necessarily
constant and might change depending on factors such as
the injector’s clogging. In this figure, the biases at each

cylinder are shown in the top plot. The bottom plot shows
the fuel mass estimation from the mean energy of all the
six cylinders (with a combustion efficiency assumed to be
constant and equal to 0.98) together with the value given
by the fuel balance in mg/stroke, where ”stroke” refers to
”per cycle per cylinder”.

It can be observed in the bottom plot that both the
fuel balance and the fuel estimation are providing similar
fuel quantities. Nevertheless, although the mean fuel mass
remains relatively constant, each injector’s contribution is
shown to vary over time in the top plot. Such variation
might be explained by ageing or deposits accumulation,
and shows the need to assess each injector individually.

4.2. Port fuel gasoline injection characterization

Similarly to the direct injection, the port fuel injec-
tion variability was studied. In the case of such injection

6



Figure 4: Energy bias at each cylinder at a reference diesel operating
point over time (top plot, the reader is referred to Figure 2 for the
cylinder color legend description), and estimated fuel mass from en-
ergy released in grey and fuel balance measurement in black (bottom
plot)

system, due to the intake manifold design, the air flow
dynamics, or the port fuel injectors location, some fuel in-
jected from one injector may actually not end up inside of
the corresponding cylinder. Figure 5 aims to investigate if
such phenomena could be an additional source of cylinder-
to-cylinder dispersion. In this test the pilot and the main
diesel injections were maintained both in DOI (800 and
920 µs) and SOI (15 and 5 CAD-bTDC) at a constant
injection pressure of 600 bar. Here, the duration of the
gasoline injection of only one injector was varied from 0
to 3500 µs and the energy released Qc was calculated in
all the cylinders. The amount of energy at each DOIPFI
level was then averaged for each cylinder and was ana-
lyzed. The procedure was then repeated for each cylinder
and the results are listed in Table 3.

Each row of Table 3 represents the cylinder where a
change in the DOI was performed and each column shows
the variation measured in the energy released at each cylin-
der. As expected the diagonal matrix, in bold, shows that
the highest variation in the energy released Qc is measured
at the cylinder where the DOI is increased. However, it
can be observed that some variations are also obtained in
other cylinders. As an example, in the case where the
change in DOI is applied to cylinder 4, both cylinders 5
and 6 exhibit a significant Qc variation reaching around
10% of the variation of cylinder 4 in cylinder 5.

Such statement shows that the sources of cylinder-to-
cylinder dispersion in such a complex setup can be various
and must be considered when developing control strategies
applied to dual-fuel engines. Note that the total energy

Figure 5: Port fuel DOI variation at a single cylinder for measuring
the impact on the energy released by all the cylinders (the reader is
referred to Figure 2 for the cylinder color legend description)

Table 3: Results of cylinder-to-cylinder dispersion from PFI varia-
tions as shown in Figure 5

∆DOI Variation ∆Qc [J]
Cyl. 1 2 3 4 5 6 Total

1 1034 18 7 25 -3 5 1086
2 25 902 16 2 -1 11 955
3 24 33 887 26 16 0 986
4 24 8 6 774 80 62 954
5 10 -2 7 -34 900 26 907
6 1 0 5 -23 -7 952 928

variation shown in the last column of Table 3 varies with
the cylinders. Excluding the eventual heat release com-
putation errors, this observation might indicate that each
injector could be providing a different amount of fuel for
the same injection settings due to different conditions at
the nozzle, e.g. intake pressure.

It was found that the port fuel injection exhibits a high
sensitivity to the air flow dynamics at the intake. Figure 6
shows the cylinder-to-cylinder dispersion when maintain-
ing constant the diesel injection (rail pressure and dura-
tion) and varying only the DOI of the gasoline injection
starting with no gasoline and up to 4000 µs in all the cylin-
ders, with variation of intake pressure conditions. It can
be observed that although having the same injection set-
tings, the bias Θcyl differs in both amplitude and position
depending on the conditions at the intake manifold.

5. Fuel distribution estimation method

In this work it was decided to use a double strategy for
the final fuel distribution estimation: (i) the bias caused
by the variable operating conditions is estimated by an
observer, and (ii) the look-up tables with the injector bias
are slowly updated. The aim of the observer is twofold:
it uses additional sensors, namely lambda or fuel balance
(in test bench applications) to update the combustion effi-
ciency, and it combines the estimation of the overall energy
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Figure 6: Energy bias percentage at each cylinder in a dual-fuel
combustion varying DOI of the port fuel injection. The pressure
indication is the intake manifold pressure at each DOI (the reader is
referred to Figure 2 for the cylinder color legend description)

delivered by the fuel with the diesel injection to determine
the quantity of gasoline in the cylinder.

5.1. Observer design

Following the conclusions of the previous section, it is
stated that the bias at each direct injector can be smoothly
adapted by the look-up tables by assuming that the in-
cylinder conditions do not affect the injection dispersion,
and that it is caused by slow dynamics (e.g. ageing, de-
posits accumulation, etc). Furthermore, in a dual-fuel op-
eration, one of the two injection system needs to be previ-
ously calibrated in order to attribute the measured energy
difference to the other fuel. Being less prone to external
disturbances, the diesel injection was therefore considered
as an input of the observer. The estimated diesel bias
is considered as an overall one for each injector since the
injected fuel mass distribution between pilot and main in-
jection is not addressed here.

Due to the port fuel injection sensitivity to the local
conditions around the nozzle, but also to the air distri-
bution that might influence cross injection between cylin-
ders, it was decided to use a single look-up table function
of the injection duration and the intake manifold pres-
sure. At every engine cycle k, the look-up table provides
a fuel quantity estimation considered the same for all the
port fuel injectors. The final gasoline entering each cylin-
der, however, might be higher or lower than the fuel com-
ing from the injector due to the cross injection (see sec-
tion 4.2). This phenomena was considered using six states
which aim to cope with the gasoline quantity distribution
between cylinders such as:

θkPFI = θk−1PFI (13)

Such state is a factor assumed to be constant from one
cycle to the other, and is applied to the value provided by
the single look-up table. Their product represents the final
quantity of gasoline reaching each cylinder intake port (in
steady state conditions

∑
θPFI = 6 due to mass conserva-

tion). Note that in the equations describing the observer

design the bold type is used for multiple cylinder vector
notation (θ = [θ1 ... θ6]T ).

Additionally, six states were used for the port fuel in-
jection dynamics resulting from the fuel film at the intake
walls (Aquino, 1981; Coppin and Maamri, 2010):

mk
ff = (1− β)mk−1

ff + (1− α)mk−1
PFI,OL θ

k−1
PFI (14)

where α and β are calibration constants which, in the case
at hand, were assumed to be the same for the six cylinders.

The measured energy released is associated to the in-
jected fuel quantity through the combustion efficiency. The
cylinder-to-cylinder dispersion being addressed by the afore-
mentioned states, the combustion efficiency was assumed
to have a similar impact in all the cylinders and a single
state was therefore considered:

ηkc = ηk−1c (15)

In addition, the lambda sensor can provide an overall
fuel quantity estimation with the air flow measurement.
It was therefore decided to include this feature in the ob-
server design considering a first order system for the time
response of the lambda sensor, e.g. gas transport delay,
with the following state:

λk = a λk−1 + (1− a)
1

ψs

mk−1
a

mk−1
f

(16)

with a the constant characterizing the time response of the
sensor and ψs the stoichiometric air-to-fuel ratio assumed
to be the same for both the fuels used in this study and
equal to 14.6. The total injected fuel mass mf is obtained
using the energy released and the diesel mass, assuming
that the respective low heating values are known:

mk−1
f =

1

6

∑mk−1
DI +

 Qk−1
c

ηk−1
c
−mk−1

DI LHVDI

LHVPFI


(17)

A graphical representation of the respective dynamics
from mff and λ, and their modeling after calibration of
the constants α, β and a, can be found in Figure 7.

The measurements of the system consist in the heat
released at each cylinder, which is defined by:

Qk
c =

(
Qk

DI +Qk
PFI

)
ηkc (18)

Qk
DI = mk

DI LHVDI (19)

Qk
PFI =

(
αmk

PFI,OL θ
k
PFI + βmk

ff

)
LHVPFI (20)

and the measurement provided by the lambda sensor λs
at the exhaust:

λks = λk (21)

The state space representation of the system in its dis-
crete form of one cycle step is:

xk = f(xk−1, uk) + wk (22)

yk = h(xk, uk) + vk (23)
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Figure 7: Modeling of the dynamics at the port fuel injection for
considering the wall wetting effect (top) and at the λ measurement
for gas transport delay (bottom). λcyl represents the value of lambda
estimated from air and fuel mass at every cycle, right part of (16),
and λs is the value measured by the lambda sensor.

where x are the states, y the outputs, u the inputs, and
w and v are the process and observation noises modeled
as a Gaussian distribution with zero mean and covariance
matrices W and V , respectively.

Henceforth the presented system is composed from the
following states x, measurements y, and inputs u:

x =



θPFI,1
...

θPFI,6
mff,1

...
mff,6

ηc
λ


, y =


Qc,1

...
Qc,6
λs

 , u =


ma

mDI,1

...
mDI,6

mPFI,OL



(24)
In test bench applications, in addition to lambda, the

measurement provided by the fuel balances, gasoline and
diesel, can be considered by including them in the mea-
surements vector.

A Kalman filter (KF) was chosen to estimate the states
of the system described in (24) where the state vector is
defined by:

x̂k|k−1 = f(x̂k−1, uk) (25)

ek = yk − h(x̂k|k−1, uk) (26)

x̂k = x̂k|k−1 +Kkek (27)

The KF is characterized for minimizing the expected
estimation error by solving an iterative Riccati matrix

equation and updating the value of the Kalman gain (K),
following:

Pk|k−1 = FkPk−1F
T
k +Wk (28)

Kk = Pk|k−1H
T
k

(
HkPk|k−1H

T
k + Vk

)−1
(29)

Pk = (I −KkHk)Pk|k−1 (30)

where the covariance matrices Wk and Vk are constant
and diagonal, and Fk and Hk are the state transition and
observation matrices of the system representing (22) and
(23) respectively. In the considered system, these equa-
tions are non-linear and an extended Kalman filter (EKF)
was therefore used by linearizing them around the current
estimate such as:

Fk =
∂f

∂x

∣∣∣∣
x̂k−1,uk

(31)

Hk =
∂h

∂x

∣∣∣∣
x̂k|k−1

(32)

The Kalman filter outcome is function of its noises cal-
ibration in the covariance matrices. A trade-off between
observer stability and convergence for the investigated ap-
plication needs to be found (Blanco-Rodriguez, 2014).

5.2. Adaptive look-up tables

In parallel to the Kalman filter, this work proposes to
update the look-up tables dedicated to the injection sys-
tems in order to cover eventual bias due to manufacturing
discrepancies or ageing over time. Similarly to DI, the sin-
gle PFI look-up table is updated for coping with eventual
bias over time. The strategy is based on a principle which
was used in timing control applications for spark ignition
engines (Tamaki et al., 2014; Gao et al., 2017). Partic-
ularly, it was decided to learn from the value given by
the model and update the look-up table utilizing a Gaus-
sian filter in order to adapt the complete grid of the ta-
ble. Compared to a single grid node update strategy, this
method ensures improved smoothness of the complete map
and could provide better results when operating in a region
which has not been run previously. Each grid node value
Zij is considered part of a map which axes are (Xi,Yj)
with i = 1, 2, ...n and j = 1, 2, ...,m and is calculated as
follows:

Zkij = Zk−1ij + (zk − ẑk)
Ω(xk, yk, Xi, Yj)

Ω(xk, yk)
δ (33)

where (zk− ẑk) represents the error between the output of
the model and the estimate based on the actual look-up
table, and xk and yk are here the actual map coordinates
of the operating point at cycle k. Here Ω(xk, yk, Xi, Yj)
is the weight factor applied to each grid node of the map
and is determined by a Gaussian function resulting from
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the distance between the operating point (xk,yk) and each
grid node:

Ω =
1√

2πσx
exp

(
− (xk −Xi)

2

2σ2
x

)
.

1√
2πσy

exp

(
− (yk − Yj)2

2σ2
y

)
(34)

Here, σx and σy are the standard deviations for each coor-
dinates and act as smoothing factors for the learned-map.
Finally, δ in (33) is used as a tuning variable for the fast-
ness of the learning algorithm.

Figure 8 shows the scheme of the combined fuel esti-
mation algorithm. The final estimation is composed from
two blocks: a first one, composed from the look-up ta-
bles, which are slowly updated, and another one, with the
Kalman filter that is able to update the combustion ef-
ficiency and the port fuel dispersion in a cycle-by-cycle
basis. Note that here the diesel injection is considered as
an input of the observer. Therefore, the individual diesel
look-up tables can only be updated when the engine is
running in pure diesel operation.

6. Results and discussion

Three sets of experimental data were recorded with
the engine described in section 2 for the validation of the
proposed fuel distribution estimation method (a graphical
representation of the operating conditions can be found in
Figure 9):

� Test A: this test aims to evaluate the update capa-
bility of the adaptive look-up tables method. For
this purpose, a conventional diesel combustion case
was selected. The test consists in rail pressure sweeps
from 600 to 2000 bar at a constant total DOI of 1500
µs and SOI (15 and 5 CAD-bTDC for pilot and main
injection respectively) at a constant engine speed of
1200 rpm. The low-pressure EGR and VGT valves
position were maintained constant throughout the
test.

� Test B: this test aims to simulate an injection fault or
leakage. To this end, the port fuel injection duration
was increased in only one cylinder (see black dashed
line in the middle top plot of Figure 9). Although
the duration in cylinder 1 was changed in practice,
the system still believed the duration to be equal in
all the cylinders in order to appreciate the observer’s
response to this scenario. The overall objective is to
force a cylinder-to-cylinder dispersion to analyze the
behaviour of the proposed method against conven-
tional methods such as relying only on the original
look-up table. No EGR was performed in this test
and the VGT valve position was constant, as well
as were the engine speed (1200 rpm), the injection
pressure (600 bar) and both DOI (1600 µs) and SOI

of the diesel injections (55 and 40 CAD-bTDC for
pilot and main injection respectively).

� Test C: this dataset is composed of DOI sweeps in
both diesel and gasoline injection. The goal of this
test is to show the full ability of the Kalman filter,
associated to the adaptive look-up table algorithm,
to estimate the fuel distribution between cylinders.
The data were collected at a constant engine speed of
1200 rpm and the pilot and the main diesel injections
were maintained at constant SOI of 30 and 15 CAD-
bTDC respectively. The rail pressure was also kept
constant at 600 bar. The VGT and the EGR valve
position were maintained unchanged during the test
and only low pressure EGR was used in order to
ensure a proper mixing and distribution of the charge
between the cylinders.

6.1. Test A - Adaptive look-up tables validation

Figure 10 shows the output of the fuel estimation method
when applied to Test A (pure diesel case). In particular,
the objective is to observe the learning capability of the
adaptive look-up table algorithm. The update of the in-
jector model map aims to cope with an eventual deviation
over time. This process is slow and the algorithm must
be then applied several times to converge to its final state
if the starting error is important. The top plot presents
the fuel mass estimation from various sources: the original
(biased) look-up table, the mean value from the updated
look-up tables after the 1st and the 2nd iteration of the
test, and the mean energy released by all the cylinders cal-
culated with the heat release model presented in section 3.
Note that the purpose of this test is only to give an insight
into the adaptive behaviour of the method which works in
parallel to the Kalman filter. Consequently, the combus-
tion efficiency was here maintained constant at 0.98 and
the lambda measurement, therefore the Kalman filter, was
not used in this context. Such assumption might provide
an error in the final fuel mass estimation, but is still rep-
resentative of the cylinder-to-cylinder dispersion and the
ability of the algorithm to update the look-up tables.

The speed update of the adaptive look-up tables is con-
trolled by tuning the constant δDI , see (33), which was
here equal to 0.02. In the first iteration, it can be observed
that due to an important error at the original look-up ta-
bles, the estimated fuel mass exhibits a significant bias.
This error is slowly corrected over time to reach the levels
given by the measured energy with a mean absolute error
of 1.18 mg at the 2nd iteration.

The bottom plot of Figure 10 represents the cylinder-
to-cylinder dispersion evaluation through the standard de-
viation σ of all the cylinders estimations from the differ-
ent aforementioned methods. In the original look-up table
case, such value is constant and equals zero because the
same look-up table, which was not updated, was used for
all the cylinders. In the case of the 1st and the 2nd iteration
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Figure 8: Scheme of the on-board fuel masses estimation method

Figure 9: Operating conditions (DOIDI , DOIPFI , Prail and Pint) of the experimental data used for the method validation in Test A (left),
Test B (middle) and Test C (right)
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it can be appreciated that thanks to the individual look-
up table correction, the final standard deviation tends to
converge to the standard deviation measured at Qc (repre-
sented with black dots). Such observation shows that each
injector table is properly updated according to the energy
levels obtained at the corresponding cylinder.

Figure 10: Evaluation of the adaptive look-up tables update applied
to Test A. Mean injected fuel mass estimation from various sources
(top) and corresponding standard deviation for cylinder-to-cylinder
evaluation (bottom)

6.2. Test B - Cylinder-to-cylinder dispersion evaluation
from different methods

In Figure 11, the energy levels estimated through var-
ious methods are compared in Test B. In this case the
diesel quantity was previously calibrated using the fuel bal-
ance measurement and considered to be the same in all the
cylinders. This might result in a slight starting error in the
energy content estimation because the cylinder-to-cylinder
dispersion highlighted in section 4 is not addressed but it
was considered inconsequential for the goal of this dataset.
Indeed, here the objective is to show the ability of the dif-
ferent methods to detect a cylinder-to-cylinder dispersion
in the port fuel injection quantity. For this purpose, an
important dispersion was intentionally created by increas-
ing the injection duration at cylinder 1 while all the other
cylinders were kept constant. However, to fully evaluate
the diagnosis ability of each method, it was necessary to
simulate the DOIPFI at cylinder 1 as being equal to the
other cylinders. By doing so, although the duration is de-
tected as unvarying in the system, in practice the energy
released in the cylinder is increased, as this would happen
in an injector leakage fault. The studied methods were:
(i) relying on the original look-up table only (in grey), (ii)

using the look-up table update algorithm for the port fuel
injection table (in dark blue), and finally (iii) adding the
Kalman filter to the former method (in light blue). The
top plot shows the energy content in cylinder 1 estimated
by the different methods (the black line is the measured
value from the heat release computation), while the bot-
tom plot presents the results obtained at cylinder 2 for
comparison purpose.

As expected, it is observed that when the port fuel
injection duration in cylinder 1 is increased, the fuel esti-
mation in grey (in other words, the energy content) pro-
vided by the original look-up table stays constant which
results in an error of around 500 J (∼25%) at the end
of the fuel step compared to the measured level (remem-
ber that for the look-up table estimation, the duration at
cylinder 1 is considered constant and equal to the rest of
the cylinders although it is increased in practice, see Fig-
ure 9 and description of Test B). Cylinder 2 depicts an
error of only 30 J which is justified by the fact that in this
case the estimate provided by the look-up table is already
closer to the real value. This case highlights the incapac-
ity of the conventional look-up table method to detect any
cylinder-to-cylinder dispersion due to the lack of feedback
information from the system.

When the update of the port fuel injection look-up ta-
ble is activated it is noticed that as the PFI content is in-
creased in cylinder 1, the look-up table provides a higher
estimate of the injected fuel quantity, resulting in a higher
energy released. This is due to the feedback principle in
the adaptive look-up table algorithm (see Figure 8). How-
ever, by considering a single look-up table for all the port
fuel injectors, the final table update can only represent the
mean energy released by all the cylinders. Therefore, the
energy content of individual cylinders cannot be estimated
by a single adaptive look-up table. This is demonstrated
by the 20 J reduction in error for cylinder 1, compared to
the previous case without the table update error, whilst
an error of 480 J still remains at the end of the fuel step.
Moreover, in this specific case, this method would even re-
sult in a higher error in the case of cylinder 2 (see bottom
plot). Likewise the previous method, each cylinder receives
the same fuel mass estimation even after the update. As
in the conventional diesel Test A, the table update rate is
tuned by δPFI (0.05 in this case).

Finally, in addition to the look-up tables update, the
Kalman filter described in section 5 was applied. By doing
so, the states participate to the final estimation of the fuel
distribution through the energy content in each cylinder.
As seen in both plots, this method allows to detect and
compensate the energy deviation in cylinder 1 and cylinder
2 with an almost zero mean error after 250 cycles. Using
the energy released at each cylinder as a measurement, the
fuel distribution between cylinders can be tracked thanks
to θPFI,cyl while the update algorithm is constantly cor-
recting mPFI,OL (see (18) and Figure 8). Hence, thanks
to the use of the KF, both individual cylinder fuel con-
tent estimation and cylinder-to-cylinder dispersion can be
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addressed compared to the common method relying on
look-up tables only.

Figure 11: Cylinder-to-cylinder port fuel dispersion detection in Test
B from various methods in cylinder 1 (top) and cylinder 2 (bottom)

6.3. Test C - Fuel distribution observer validation

The proposed fuel estimation method was finally ap-
plied to Test C which consists in diesel and gasoline DOI
sweeps, including both pure diesel and dual-fuel combus-
tion operation. In this case, the Kalman filter together
with the look-up tables update are performed and the re-
sults can be found in Figure 12. For the sake of clarity
this figure shows only a section of the complete test which
was previously defined in the right part of Figure 9. The
following quantities were chosen to analyze the estimation
method output: the standard deviation of the energy re-
leased by all the cylinders as an indicator of the cylinder-
to-cylinder dispersion evaluation, the energy level at cylin-
der 1 as an example, and the combustion efficiency and the
lambda values for showing the state estimation provided
by the Kalman filter. The suggested noises and calibra-
tion constants values that were applied for obtaining the
results in Figure 12 can be found in Table 4.

Similarly to the previous diesel case in Test A, the
method was applied several times on this specific test for
evaluating the updating of the injection tables. In the first
iteration, errors in the respective diesel and gasoline look-
up tables are observed, providing a biased estimate of the
energy released (the values from the estimation method
are shown in continuous lines while the measurements are
in a black dashed line or black dots). Moreover, not only
the error at the look-up table could be a reason for explain-
ing the measured energy difference, but also the port fuel
distribution between cylinders as concluded in section 4.
Therefore, by updating θPFI,cyl the cylinder-to-cylinder
fuel dispersion is addressed and allows to reduce the er-
ror as exhibits the standard deviation plot of the energy

Table 4: Noises and constants used in the estimation method. The
values given for the states and the outputs correspond respectively
to the standard deviation of the process and the observation of the
Kalman filter (

√
W and

√
V )

Variable Type Equation Value Unit
θPFI,cyl State (13) 2e-3 -
mff,cyl State (14) 0 mg
ηc State (15) 3e-4 -
λ State (16) 0.04 -

Qc,cyl Output (18) 120 J
λs Output (21) 0.05 -

α Constant (14) 0.50 -
β Constant (14) 0.25 -
a Constant (16) 0.50 -
δDI Constant (33) 0.02 -
δPFI Constant (33) 0.05 -

released in the top left corner of Figure 12. After the
second iteration the individual cylinder fuel concentration
and cylinder-to-cylinder dispersion appear to match with
the measurements levels. Note that the proposed algo-
rithm updates the diesel look-up tables only under pure
diesel conditions. Consequently, if the diesel injection set-
tings are changed during a dual-fuel combustion operation,
the eventual error from the diesel injection will be compen-
sated by the gasoline in the Kalman filter and lead to a
misestimation of the fuel blend. Nevertheless, the cylinder-
to-cylinder dispersion should still be representative.

The combustion efficiency is required to decrease for
obtaining similar lambda levels, resulting in a value around
0.91 at the second iteration in that section of Test C. This
value is low compared to a conventional threshold observed
in CDC (between 0.97 and 0.99). Excluding the effect of
the Kalman filter’s noises calibration on the estimation,
various reasons might be considered to explain such ob-
servation: in this study the combustion efficiency is not
evaluated using the exhaust gas emissions concentration,
e.g. UHC and CO, but represents the energy conversion
from the injected fuel. Therefore, the considered fuel low
heating values play an important role in the update of such
variable, indeed the estimation of the energy released is di-
rectly proportional to the LHV, see (18). Also, premixed
dual-fuel combustion was found to provide lower combus-
tion efficiencies levels (Kokjohn et al., 2011; Benajes et al.,
2014). Finally, the combustion model errors in the energy
released estimation might participate in the levels obtained
in the present work.

Together with the output of the proposed strategy (1st

and 2nd iteration in Figure 12 with Kalman filter and adap-
tive look-up tables) is shown the results from a simplified
method in a dark grey line. In particular, this estimation
corresponds to the result of updating only the combustion
efficiency to match the lambda level, meaning that the
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Figure 12: Fuel distribution estimation method applied to Test C. In this figure only a section of the total test is presented showing the
standard deviation of the energy released by all the cylinders (top left), the energy content estimated at cylinder 1 (bottom left), the
combustion efficiency (top right) and the lambda estimation (bottom right)

port fuel distribution and the dynamics at the fuel film
and lambda were not considered. This simplified method
aims to show the importance of the different states consid-
ered in this study as attest the zoom section in the bottom
graphs of Figure 12. Each zoom corresponds to the col-
ored area in their respective graph. It can be observed
that thanks to the fuel film mass mff,cyl in (14) the en-
ergy released dynamics when changing the fuel quantities
are better captured compared to a straightforward estima-
tion from the look-up tables. Furthermore, the gas trans-
port delay in the lambda measurement in (16) allows to
improve its estimation in time which results in a smoother
update of the combustion efficiency. Similarly to the con-
clusions from Test B, it is shown that not considering the
fuel distribution by means of θPFI,cyl results in an even
more inaccurate fuel concentration and distribution esti-
mation.

Figure 13 shows the final estimation of the total in-
jected fuel mass (mf = mPFI + mDI) and gasoline frac-
tion (GF = mPFI/mf ) in the complete Test C using the
fuel estimation method proposed in this work. Each color
represents the individual cylinder fuel estimation after the
second iteration, while the black dashed lines represent
the levels measured by the fuel balances. It can be noticed
that depending on the operating conditions, the cylinder-
to-cylinder dispersion is different in both terms of magni-
tude and order, where the same cylinder does not always
provide the same Θ, see (12). Moreover, the trend and the
levels achieved by the method show a good agreement with

the amounts measured by the fuel balances (note that the
fuel balance provides a single value representative of the
mean fuel quantity injected in all the cylinders).

Figure 14 aims to analyze the cylinder-to-cylinder dis-
persion evaluation obtained in Test C. To this end, a sec-
tion of the test in Figure 13 was selected and the results
of cylinder 2 and 4 are compared. Together with mf and
GF , the CA50 is shown as an indicator for the combustion
phasing evaluation. In that part of the test, the DOI of the
diesel injection is held constant and only the duration of
the gasoline injection is increased. An increase in the to-
tal fuel mass and in the gasoline fraction is thus expected.
Such statement is confirmed in both m̂f and ĜF graphs.

Around cycle 100, according to the estimation given
by the method, the total fuel amount is similar in both
cylinders but cylinder 2 exhibits a slightly higher gasoline
fraction. This observation may be verified by the CA50
level where cylinder 2 has a later combustion compared to
cylinder 4. Indeed, it was observed that an increase in the
low reactivity fuel fraction tends to delay the combustion
(Hanson et al., 2011; Benajes et al., 2015) as a result of
the decrease in the fuel mixture reactivity. This is further
observed around cycle 160 where both cylinders are still
exhibiting a very similar total fuel amount with a higher
gasoline concentration and a more delayed combustion in
cylinder 2. The corresponding observations can be further
seen in Figure 15 where the heat release rate of these two
specific cycles show the lower combustion rate in cylinder
2.
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Figure 13: Cylinder fuel concentration (top) and blend ratio (bot-
tom) estimation from the proposed method at the end of the 2nd

iteration from Test C (the reader is referred to Figure 2 for the
cylinder color legend description)

Figure 14: Zoom on a section of the test presented in Figure 13
for studying the dispersion between cylinder 2 (red) and cylinder 4
(purple), aTDC stands for after top dead center

Figure 15: Heat release rate of two specific cycles (100 in dashed line
and 160 in continuous line) from Figure 14 for cylinder 2 (red) and
cylinder 4 (purple)

7. Summary and conclusion

In this study it was shown that complex hardware con-
figurations such as dual-fuel engines are subject to vari-
ous sources of cylinder-to-cylinder dispersion, e.g. injector
ageing or discrepancies but also port fuel distribution. The
present work investigated the use of the in-cylinder pres-
sure signal for individual cylinder fuel mass quantity and
blend ratio estimation in a heavy-duty engine modified to
run in both conventional diesel and dual-fuel combustion.
A model was developed based on the heat release calcula-
tion including the heat transfer and proposed to use the
resonant components of the cylinder pressure frequencies
for the trapped mass estimation. A Kalman filter was then
designed to combine the information provided by the set
of available sensors and to cope with the system dynam-
ics, e.g. lambda sensor delay and port fuel wall wetting
effect. Furthermore, a learning method for updating the
individual look-up tables was used to cover injector drift
over time using a Gaussian filter to correct the complete
grid of the map. The proposed method was applied on
three sets of experimental data under different operating
conditions.

The first one was used to evaluate the look-up ta-
ble update algorithm only and exhibited the potential of
this feedback method to assess the cylinder-to-cylinder dis-
persion in conventional diesel combustion. The proposed
method relies on the calibration of the diesel injectors look-
up tables in order to evaluate the port fuel injection dis-
persion. This implies that the diesel quantity estimated
by the individual tables is considered as an input in the
observer and therefore cannot be updated under dual-fuel
operation. Nevertheless, if the engine is operated in pure
diesel in some areas of the engine map at some point, the
DI look-up tables can be updated and therefore address
the individual bias over time.
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The second experimental dataset consisted in compar-
ing various fuel estimation methods in a dual-fuel combus-
tion. The results highlighted the potential of the Kalman
filter to cope with the fuel distribution involved in the port
fuel injection system compared to conventional methods
relying on look-up tables only.

The last dataset was used to evaluate the full potential
of the proposed method in transient conditions switching
between CDC and dual-fuel combustion. Individual cylin-
der fuel amount and fraction were estimated from the out-
puts of the Kalman filter and the levels obtained exhibited
good match with the values provided by the fuel balances.
The cylinder-to-cylinder dispersion estimation ability was
further observed and verified by heat release analysis.

Such results have shown the importance of considering
an injection correction at each cylinder through feedback
control for improving performance, engine stability and
pollutant emissions in low-temperature combustion con-
cepts such as RCCI. The proposed method was developed
for ”on-road” application but could be improved by sen-
sor data fusion together with fuel balance measurement
and individual UEGO sensor at each cylinder exhaust in
a research environment, which would result in a better es-
timate of the fuel concentration under both steady and
transient operation.
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