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Abstract

The Common Rail (CR) fuel injection system has been introduced into
the market for ages and the investigation has been continuously carried out.
CR apparatus enables to achieve high nominal pressure and various injection
strategies and it has been considered as a key for the further development
of modern diesel engines. The investigation of the CR system has been put
forward in different aspects: pressure and injected mass control strategies,
innovative system layout and the pollutant emissions improvement, etc.

In this study, the diesel CR system control has been investigated. A
previously developed numerical model pertaining to the proportional-integrative-
derivative (PID) controller and the pressure control valve of a CR system
(electronic, electrical, hydraulic and mechanical aspects were considered) has
been validated and optimized. Parametric analyses on the PID controller
parameters have been conducted under different working conditions. Moreover,
the effect of the accumulator size on the rail pressure time history has been
studied when the rail volume is dramatically reduced and it suitable solutions
for a fuel injection system without rail have been determined.

With regard to the system layout, an innovative Common Feeding (CF) fuel
injection system without rail has been developed for a light duty commercial
vehicle diesel engine. In the CF apparatus, an additional delivery chamber
is mechanically fit at the high-pressure pump outlet and the rail is removed
from the hydraulic circuit. The benefits pertaining to the CF system are
the low production costs, the easier engine installation and the prompter
dynamic response during transients. Experimental tests have been performed
on the test bench with different accumulation volumes integrated at the pump
delivery for various injection strategies. In general, the injection performance
of the fuel injection system did not vary significantly when the pump delivery
changed volume or its shape was modified. In addition, an injection system
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numerical model has been developed and validated in order to study the reduced
accumulation volumes lined phenomena.

As far as the injected quantity control strategy is concerned, an estimation
method of the injected mass based on time-frequency analysis has been proposed
for a passenger car CR injection system. The injector inlet pressure time history
measured by means of a pressure transducer has been processed with the short
time Fourier transform (STFT) technique in order to realize a virtual sensor of
the injector needle. The injection temporal length (ITL) has been obtained
by identifying the SOI (start of injection) and the EOI (end of injection)
of the injection. A correlation between the ITL and injected mass has been
determined at different nominal pressures and it has been discovered that it
is independent of the fuel tank temperature variation. Therefore, the injected
mass can be calculated by means of the above correlation and the estimation of
the ITL with the TFA based virtual sensor features an overall accuracy below
2mg.

With regard to the combustion noise modelling, an innovative algorithm
based on the time-frequency analysis technique has been developed to calculate
an instantaneous combustion noise. The input parameter is the in-cylinder pres-
sure signal, measured on a Euro 5 diesel engine during the combustion process,
and the quantitative contribution pertaining to the different combustion phases
has been evaluated. The algorithm for the evaluation of the instantaneous
combustion noise contribution has been realized through a home-made tool
and single and multiple injection strategies have been considered. The time-
frequency analysis enables to identify detailed information on the contribution
of the various combustion phases and the causality relationship between the
injection schedule and combustion noise could be obtained.

Keywords: Common Rail, system control, Common Feeding, time-frequency
analysis, injected mass, combustion noise.



Acknowledgements

The work presented in this thesis was carried out at DENERG department
of Politecnico di Torino, in Turin, from 2018 to 2021.

Throughout my PhD carreer, I have received a great deal of support and
assistance, especially under the Covid-19 emergency.

I would first like to thank my supervisor, Prof. Alessandro Ferrari, whose
expertise was invaluable in formulating the research questions and methodology.
Working with him has pushed me to broadern my thinking and lead my work
to a higher level.

I would particularly like to acknowledge my colleagues, Tantan Zhang and
Oscar Vento for their great collaboration and patient help. Lots and lots of
wonderful memories have left in the office and in the laboratory.

Finally i would like to thank my parents, Hefeng Jin and Junhua Wang, for
giving me life and love. They have been supportive all along.



to the past
to the present
to the furture



Contents

List of Figures x

List of Tables xiv

Nomenclature xv

1 Introduction 1
1.1 Background and importance . . . . . . . . . . . . . . . . . . . . 1
1.2 Contributions and outline . . . . . . . . . . . . . . . . . . . . . 2
1.3 Research activities general descriptions . . . . . . . . . . . . . . 3

1.3.1 CR injection apparatus modelling and analysis for the
standard and decreased volume sizes . . . . . . . . . . . 3

1.3.2 Application of a prototypal Common Feeding injection
system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.3 Closed-loop control strategy of injected mass on the basis
of time-frequency analysis . . . . . . . . . . . . . . . . . 6

1.3.4 Time-frequency analysis application to combustion noise
in CI engines . . . . . . . . . . . . . . . . . . . . . . . . 8

2 CR injection apparatus modelling and analysis for the standard
and decreased volume sizes 10
2.1 Experimental setup and the measurement devices . . . . . . . . 10
2.2 PID controller and PCV submodels . . . . . . . . . . . . . . . . 11
2.3 Parametric analysis on the PID controller parameters . . . . . . 17
2.4 Variable coefficient PID strategies . . . . . . . . . . . . . . . . . 20
2.5 Volume size variation effect . . . . . . . . . . . . . . . . . . . . 23

3 Application of a prototypal Common Feeding injection system 30



viii Contents

3.1 CR and CF fuel injection systems apparatus . . . . . . . . . . . 30
3.2 Experimental facility . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 34
3.4 1D injection system model . . . . . . . . . . . . . . . . . . . . . 47

4 Closed-loop control strategy of injected mass on the basis of
time-frequency analysis 52
4.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2 TFA-based technique . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2.1 Time-frequency analysis . . . . . . . . . . . . . . . . . . 55
4.2.2 Injector characteristics . . . . . . . . . . . . . . . . . . . 56
4.2.3 Application of the TFA-based sensor . . . . . . . . . . . 60
4.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5 Time-frequency analysis application to combustion noise in CI
engines 71
5.1 Experimental facilities . . . . . . . . . . . . . . . . . . . . . . . 71
5.2 In-cylinder pressure processing . . . . . . . . . . . . . . . . . . . 74
5.3 Time-frequency analysis . . . . . . . . . . . . . . . . . . . . . . 75
5.4 Mean instantaneous frequency . . . . . . . . . . . . . . . . . . . 78
5.5 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.6 Single injection result . . . . . . . . . . . . . . . . . . . . . . . . 82
5.7 Double injections low load condition . . . . . . . . . . . . . . . 88
5.8 Double injections medium load condition . . . . . . . . . . . . . 90

6 Conclusions 94
6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6.2 Results and discussions . . . . . . . . . . . . . . . . . . . . . . . 95

6.2.1 CR injection apparatus modelling and analysis for the
standard and decreased volume sizes . . . . . . . . . . . 95

6.2.2 Application of a prototypal Common Feeding injection
system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.2.3 Closed-loop control strategy of injected mass on the basis
of time-frequency analysis . . . . . . . . . . . . . . . . . 97



Contents ix

6.2.4 Time-frequency analysis application to combustion noise
in CI engines . . . . . . . . . . . . . . . . . . . . . . . . 98

References 99



List of Figures

2.1 CR injection system model and the tested CR injector. . . . . . 12
2.2 PCV submodel. . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3 Control strategy of the prail. . . . . . . . . . . . . . . . . . . . . 15
2.4 The current IP CV provided to the PCV . . . . . . . . . . . . . . 16
2.5 The numerical and experimental results for the model validation. 17
2.6 Effect of integrative gain on the pnom step change (ET = 500 µs). 18
2.7 Effect of proportional gain on the pnom pressure signal (ET =

300 µs). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.8 Effect of derivative gain on the pnom step change (ET = 300 µs). 21
2.9 Variable coefficient PID strategy: Effect of proportional gain. . . 22
2.10 Variable coefficient PID strategy: Effect of integrative gain. . . . 22
2.11 Effect of accumulator size on the rail pressure and injected flowrate. 24
2.12 Effect of accumulator size on Main-after injections: pnom =

1000 bar, ETmain = 500 µs, ETafter = 150 µs, DT = 600 µs,
n = 2000rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.13 Effect of proportional gain and control system frequency on the
rail pressure and the injected flowrate under steady state working
conditions (pnom = 600 bar, ET = 1000 µs, n = 2000rpm). . . . 26

2.14 Effect of accumulator size under transient condition: from pnom =
1000 bar to pnom = 1400 bar (ET = 300 µs, n = 2000rpm. . . . . 27

2.15 Combined effect of accumulator size and proportional gain on
the pnom step change . . . . . . . . . . . . . . . . . . . . . . . . 29

3.1 The schematic diagram and the photo of the high-pressure circuit
of the CR and of the CF systems. . . . . . . . . . . . . . . . . . 31

3.2 The photo of the accumulator fixed in the high-pressure pump. . 32
3.3 Scheme of the acquisition system. . . . . . . . . . . . . . . . . . 33



List of Figures xi

3.4 Comparison of the Ginj and the pinj,in between the CR systems
with different rail volumes. . . . . . . . . . . . . . . . . . . . . . 34

3.5 Comparison of the Ginj and the pinj,in under single injection
strategy between the CR and the CF systems. . . . . . . . . . . 36

3.6 Injector characteristics comparison between the CR (Vrail =
12.9 cm3 and 2.1 cm3) and the CF (without gauged orifices)
systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.7 Static leakage and injector inlet pipe temperature comparison
among different rail sizes of the CR system. . . . . . . . . . . . 39

3.8 Dynamic leakage comparison among different rail sizes of the
CR system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.9 Injected mass coefficient of variation comparison between the
CR systems with different Vrail and the CF systems. . . . . . . 40

3.10 NOD and NCD. . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.11 NOD performance of the CR systems for different rail volumes. 41
3.12 NCD performance of the CR systems for different rail volumes. 42
3.13 Comparison of the Ginj and the pinj,in under pilot-main injection

strategy between the CR systems with various rail volumes. . . 42
3.14 Injected volumes pertaining to pilot injection and main injection

between the CR systems with different rail volumes (pnom =
1000 bar). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.15 Comparison of the Ginj and the pinj,in under main-after injection
strategy between the CR systems with various rail volumes. . . 44

3.16 Injected volumes pertaining to main injection and after injection
between the CR systems with different rail volumes (pnom =
1000 bar). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.17 Comparison of the Ginj and the prail under main-after injection
strategy between the CR systems with various rail volumes. . . 46

3.18 Injected volumes pertaining to main injection versus DT between
the CF systems (pnom = 1000 bar). . . . . . . . . . . . . . . . . 47

3.19 The sketch of the CR injection system 1D numerical model. . . 48
3.20 Experimental data and numerical simulation results comparison:

pnom = 1200 bar, Vpil = 2 mm3, Vmain = 30 mm3 and DT = 400 µs. 49
3.21 Needle velocity and needle lift pertaining to a single injection

(pnom = 900 bar and ET = 1000 µs). . . . . . . . . . . . . . . . 49



xii List of Figures

3.22 Delivery chamber pressure and needle lift under a pilot-main in-
jection strategy (pnom = 900 bar, Vpil = 2 mm3, Vmain = 30 mm3,
DT = 400 µs). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1 The schematic drawing of the injection system. . . . . . . . . . 53
4.2 The tested CRI 2.18 solenoid injector. . . . . . . . . . . . . . . . 53
4.3 The sketch of the hydraulic circuit pertaining to the injection

system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.4 Injector characteristics under various pnom and Ttank. . . . . . . 57
4.5 The main injected flowrate as a function of ET for various pnom

levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.6 Injected flowrate patterns pertaining to various ET under differ-

ent thermal regimes. . . . . . . . . . . . . . . . . . . . . . . . . 59
4.7 ITL−Minj correlations under various pnom and Ttank levels. . . 60
4.8 Ginj , pinj,in and the current under pnom = 1200 bar and ET =

600 µs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.9 Ginj , pinj,in and the normalized MIF under pnom = 1000 bar

and ET = 800 µs. . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.10 Ginj , pinj,in and the normalized MIF under pnom = 1700 bar

and ET = 450 µs. . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.11 Ginj , pinj,in and the normalized MIF under pnom = 600 bar and

ET = 1000 µs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.12 Injected mass estimation error with respect to pnom and ET

under different Ttank values. . . . . . . . . . . . . . . . . . . . . 67
4.13 Injected mass percentage error with respect to pnom and ET

under different Ttank values. . . . . . . . . . . . . . . . . . . . . 68
4.14 The scheme of the closed-loop strategy based on TFA analysis. . 70

5.1 Schematic of the F1C engine. . . . . . . . . . . . . . . . . . . . 72
5.2 Schematic of the A20DTR engine. . . . . . . . . . . . . . . . . . 73
5.3 ∆pcomb, pmot and pcyl versus θ distributions (bmep = 3 bar and

n = 1400 rpm). . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.4 The tested linear chirp signal. . . . . . . . . . . . . . . . . . . . 80
5.5 Validation of ν̄(t) and the normalized Ċn(t) of a linear chirp
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Chapter 1

Introduction

1.1 Background and importance
Internal combustion engines are facing considerable challenges due to their

role in energy consumption, environemental pollution and climate change [1].
Researchers and engineers are forced to achieve further progress on an

already existing technology, driven by the more stringent and severe pollutant
emission strandards [2]. All the elements of the powertrain are involved in
this development. Improvements in the combustion chamber shape, affecting
the soot formation and in-cylinder nitrogen oxides (NOx) in diesel engines [3].
Development in the aftertreatment systems through which a sensible reduction
of pollutants can be achieved [4]. Optimization in the fuel injection system
apparatus, that has a key role in a powertrain since combustion [5], emissions
[6] and efficiency [7] are strongly related to the injection events.

The Common Rail (CR) fuel injection system has given many degrees of
freedom in terms of injection timing, injection rate and number of injection
events during a single engine cycle [8].

Due to its versatility, the CR system has been in-depth explored in numerous
research activities, also by means of 1D numerical diagnostic tools, leading
to the design of innovative control strategies to improve its performance, the
development and optimization of new fuel injection system layouts and to
enhance the quality of numerical simulations, regarding the overall injection
system, the injector or the high-pressure pipelines, studied with the assumption
of the 1D flow.
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1.2 Contributions and outline
In this work, diesel Common-Rail system control along with the parametric

analyses on the PID controller have been achieved with a fully predictive
numerical model. Moreover, the effect of the accumulator size on the rail
pressure time history has been studied. The development of a Common
Feeding (CF) system without rail for commercial light-duty vehicles within
the framework of a cooperation with a Chinese firm (Nanyue Fuel Injection
Systems Co., Ltd) has been carried out.As far as the injected quantity control
strategy is concerned, an estimation method of the injected mass based on time-
frequency analysis has been developed for a passenger car CR injection system.
The combustion noise modelling has been charactized. The instantaneous
combustion noise pattern has been realized by analyzing the in-cylinder pressure
signal with the time-frequency analysis technique.

In Chap. 2, a previously developed numerical model pertaining to the
proportional-integrative-derivative (PID) controller and the pressure control
valve of a Common Rail system (electronic, electrical, hydraulic and mechanical
aspects were considered) has been optimized. Parametric analyses on the PID

controller parameters have been analysed under steady-state and transient
working conditions. Moreover, the effect of the accumulator size on the rail
pressure time history has been studied when the rail size is dramatically reduced.
The suitable solutions in terms of the PID controller parameter and of the
system sampling frequency for a fuel injection system without rail have been
determined. This chapter is based on a scientific paper that was published in
[92].

In Chap. 3, the innovative common feeding (CF) fuel injection system
has been designed and manufactured for Asia market for the application to
light-duty commercial vehicles. With regard to CF apparatus, at the outlet
of high-pressure pump a delivery chamber has been mounted and the rail is
absence in the hydraulic circuit, compared with the common rail (CR) system.
Experimental tests pertaining to the prototypal CF system and CR system have
been performed on a hydraulic test rig for the performance comparison under
single injection as well as double injections. For different rail sizes, the pressure
time histories inside the high-pressure circuit and the injected flow rates have
been collected. Injector leakages including static and dynamic, the nozzle
opening and closure delays and also the injected quantity dispersion pertaining
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to cycles have also been considered. As far as the numerical diagnostic model
of the injection system has been concerned, the model has been developed and
validated in order to analyze different rail volumes linked effect acting on the
injector. This chapter is based on a scientific paper that was published in [23].

In Chap. 4, an innovative estimation method of the injected mass based on
time-frequency analysis has been developed for a passenger car CR injection
system. The injector inlet pressure time trace measured by means of a pressure
transducer has been processed with the short time Fourier transform (STFT)
technique in order to realize a virtual sensor of the injector needle. The injection
temporal length (ITL) has been obtained by identifying the SOI and the EOI

of the injection. A correlation between the ITL and injected mass has been
determined at different nominal pressures; it is independent of the fuel tank
temperature variation. Therefore, the injected mass can be calculated by means
of the above correlation and the estimation of the ITL with the TFA based
virtual sensor: the method features an overall accuracy below 2mg. This
chapter is based on a scientific paper that was published in [93].

In Chap. 5, it has been focused on combustion noise modelling. An
innovative algorithm based on the time-frequency analysis technique has been
developed to calculate an instantaneous combustion noise. The input parameter
is the in-cylinder pressure signal, measured on a Euro 5 diesel engine during
the combustion process, and the quantitative contribution pertaining to the
different combustion phases can be evaluated. Single and multiple injection
strategies have been considered in the current study. The time-frequency
analysis enables more detailed combustion information to be identified and
the causality between injection strategy and combustion noise to be better
emphasized.

1.3 Research activities general descriptions

1.3.1 CR injection apparatus modelling and analysis for
the standard and decreased volume sizes

The development progress regarding to the diesel combustion engines plays
a major role for the improvement of the engine-out pollutant emissions, fuel
economy and the generated combustion noise [9–11]. The scientific research have
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been focusing on various aspects and recently some efforts have been devoted in
the development of the fuel injection system modelling [12, 13]. This work which
mainly deals with the development of the accurate simulation tools enables
the hydraulic behaviour of each component to be further investigated and the
fuel injection system performance could be improved without demanding a
huge experimental tests. In recent times, experimental tests and numerical
simulations have been carried out to further develop the control strategies
focusing on the rail pressure signal [14]. The innovative strategy could realize the
control strategies of non-linear type [15], and new hardware components involved
[16] as well as the overall system dynamics analysis [17, 18]. The mentioned
studies deal with the dynamic interaction occurred among each component and
it becomes a fundamental role when some significant modifications in the high-
pressure hydraulic circuit have been taken into account [19]. It can be inferred
that a global predictive numerical model pertaining to the injection system
progress enables to make a significant contribution to analyse and optimize the
system performance. One benefit of investigating the fully predictive injection
system models is the reduced number of injection apparatus prototypes as the
boundary conditions pertaining to the developed tool are the diagnostic models
instead of experimental test data [20]. In the current research, an existing
predictive model of a Common Rail (CR) fuel injection system which has been
carried out by [21] has been further improved through the completion of the
submodel regarding to the pressure control system.

As far as the controller type has been concerned, the proportional-integrative-
derivative (PID) controller has been mostly chosen for the fuel injection ap-
paratus as it is simple and robust during the application [22]. The validation
of the upgraded model pertaining to the CR system has been completed by
the comparison with the experimental data and the thus validated model has
been applied to the PID controller parametrical design analysis. The causal
effect of the PID controller operating mode on the rail pressure trace are
stated in the current research under both steady state and transient working
conditions. Moreover, the criteria to select the optimized settings for the PID
controller are established. Eventually, the upgraded predictive model has been
utilized to study the accumulation volume effect on the fuel injection system
performance. For a rail volume reduced markedly, the PID parameters and the
pressure-sensor sampling frequency modification have been analyzed by means
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of the new injection system model. This study has been carried out also for the
activity reliability regarding to the innovative fuel injection system apparatus
without the rail, namely CF system [17, 23], or when the rail size is reduced
significantly.

1.3.2 Application of a prototypal Common Feeding in-
jection system

The high-pressure common rail (CR) fuel injection system has been devel-
oped since 20th century and then been applied to the diesel engines [24, 25].
The improvement on the performance of the current CR system keeps under-
going in order to meet the emission standards and final user requirements
[26]. Different research have been carried out from different aspects, such
as the optimization of the combustion chamber [27], the improvement of the
aftertreatment system [28], the introduction of new fuel and fuel blends [29].
CR injection system is equipped with a high pressure control system in order
to stabilize the high rail pressure and the mass injected could be controlled
[30, 31]. For the modern diesel engines, different injection parameters and
characteristics could be managed and possessed by the state-of-the-art CR sys-
tems with a robust, accurate and fast response under every working condition
[32, 33]. Recently, the researchers have been contributed to different aspects
of the CR system improvement. The solenoid injectors have been equipped
with the pressure balanced pilot valve for reaching higher nominal pressures
but still producing small value of static leakage which features the benefit of
smaller system energy consumption [30]. By introducing the Minirail into the
injector part, the pressure waves oscillations have been restrained and part
of injector inner leakage paths have been avoided [31, 32]. With regard to
the innovation of injector, a control-plate installed in the control chamber is
able to restrict the fuel flow path through the pilot valve during the opening
[33]. The wobble-plate-type fuel pump designed for the CR system allows the
engine to be fueled with dimethyl ether [34]. The innovative closed-loop control
strategy aimed at injected mass control has been presented in order to improve
the engine performance. The methodology to obtain the effective injected
fuel quantity is based on the analysis of the pressure time history along the
high-pressure circuit. A real-time control on the nominal pressure or energizing
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time for each injection event could be realized for an accurate injected mass
control [35–37]. Despite of the studies focused on the modifications of injec-
tion system or on the implementation of the control strategies, the structure
of the CR system has also been investigated and certain innovative changes
have been put forward [38]. The cost/performance trade off should be paid
attention while designing the system [39]. The idea of removing the rail but
integrating a chamber into the high-pressure pump, namely Common Feeding
(CF) system, has been realized and received great interest from economic point
of view [19, 39]. In the current study, an innovative CF prototype system has
been developed and implemented on a light duty commercial diesel engine.
Comparison of the injection performance has been performed on single and
multiple injections pertaining to the CR and CF system. Moreover, a 1D
predictive model has been realized for the study on the cause-effect relationship
related to the volume size.

1.3.3 Closed-loop control strategy of injected mass on
the basis of time-frequency analysis

Under the continuous development of the internal combustion engine, the
diagnosis and real time monitoring of the system is becoming more and more
important. As far as diesel engine is concerned, the topic related to the injected
mass accurate control of the diesel injection systems is shown to be great
interest among the real time monitoring aspect [40]. After certain calibration
tests, the injected quantity could be obtained with the information of nominal
rail pressure pnom and the energizing time ET by means of the ECU calibration
maps [41]. The above procedure is the so-called open-loop injected mass control
as no feedback signals have been applied. Under different engine thermal
regime, the injected mass varies under the same values of pnom and ET [42]. It
also results in a bad performance especially under a multiple injection strategy
where the pressure oscillations excited by the injector opening and closure
events affect the fuel injected quantity [43]. In this way, the assessment of
the robust closed-loop control strategies of the injected mass is necessary and
becomes the main topic of many diesel engine studies. The injected mass
estimation has been determined through the correlation between the needle lift
and the fuel volumetric flowrate as well as the fuel properties under the current
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thermal regime in [44]. Another strategy, proposed in [45], is achieved with the
information of the oxygen concentration at the exhaust manifold collected by
the lambda sensor. By computing the difference in oxygen fractions between the
flowrates entering and existing the cylinder, the injected mass can be estimated.

Recently, various injection apparatus suppliers have put effort and released
different advanced compensative strategies aiming to improve the injected
mass accuracy. The i-ART injector, proposed by Denso, is equipped with the
piezoelectric pressure sensor at the pilot stage [? ]. By analyzing the measured
control chamber pressure time history, it is able to detect key time instants
for example the start of injection, the time when the maximum injection rate
achieved and the end of injection. The injected mass is then estimated by a
flow-rate model [46]. Another method is realized with the detection of the
needle lift trace obtained from the fuel pressure collected by the sensor, the
injected mass is then computed by means of a needle model [47]. The above
technique is the so-called NCS (Needle Closing Sensor) that is developed by
Bosch. The last technology is from Delphi which is realized by analyzing the
opening and closure of the nozzle time instants [48]. It is identified by the
measured voltage inside the injector since the electric circuit behaves in different
ways under the non-ballistic needle reached the nozzle seat and the stroke end.
With these techniques, the improvement of the injected mass accuracy could be
achieved under the working condition where the correlation fits. Moreover, the
application of complex transfer functions and models leads to a non physical and
difficult control strategy. Time-frequency analysis (TFA) has been commonly
applied to non-stationary signals and it has been introduced to diesel engines
combustion study and machinery fault detection [49, 50]. By evaluating the
vibration signals through this powerful tool, the knock and injector faults could
be detected in these engines [51, 52]. The combustion parameters such as the
peak combustion pressure and pressure rise rate [53], the main events of an
injection [54] have been identified by means of short-time Fourier transform
(SFTF ) analysis on the in-cylinder pressure time history.

The innovative method for the injected mass estimation is based on the
TFA where the correlation between the injected mass, injection temporal
length (ITL) and the nominal rail pressure pnom has been built. A robust,
closed-loop control of the injected mass has been reached.
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1.3.4 Time-frequency analysis application to combustion
noise in CI engines

The development of the diesels engines has been focused on the engine
performance and exhaust emissions aspects [55, 56]. Among these, the more
and more stringent regulations and the acoustics demand from the customers
leads the investigation working on the NVH analysis to be more urgent and
important [57–60]. With regard to the diesel engine noise, it is composed of
mechanical and combustion-related noise [61, 62]. The engine components,
such as gears, valves, camshaft and crankshaft, injectors, release noise which is
the function of the engine speed and is not related to the combustion event
is the so-called mechanical noise [63, 64]. During the combustion, the rapid
and sharp increase rate of the pressure results in the high-pressure waves and
then the waves radiate to the engine structure forming the combustion noise
[65]. Since the resulted noise is generated by the gas force directly due to the
combustion event, it has been defined as the direct combustion noise. Another
portion of the combustion noise is named as the in-direct combustion noise
which comprises the noise originated by the rotary and piston normal force due
to the reciprocating piston motion [66]. The combustion noise is closely related
to the in-cylinder pressure rise rate as well as the heat release rate peak value
and the combustion duration [67–70]. Indeed, the latter two parameters have
been expressed to represent the intensity related to the premixed phase which
is often considered as the predominant part in the total combustion noise [71].
Nevertheless, a trade-off is usually discovered between the combustion noise
and the engine performance [72]. The present innovative modern combustion
technologies have improved the pollutant emissions while the combustion noise
performance becomes worse [73]. By manipulating the fuel injection timing
either advanced or delayed, the premixed charge compression ignition (PCCi)
strategies can be implemented [74]. By applying the advanced fuel injection
along with a high portion of EGR rate, the NOx pollutant and soot emissions
could be reduced due to the longer ignition delay and the more homogenous
combustion mixture [75–77]. On the other hand, the faster and prompter
burning phase pertaining to the premixed phase results in a higher combustion
noise with respect to the conventional one [78–80]. Conversely, the fuel injection
timing after TDC, namely late PCCI, is able to reduce combustion noise [81].
In conventional diesel combustion, by splitting the injection into several shots
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in order to realize multiple injection strategy has been proved to be beneficial
for combustion noise reduction [82, 83]. The introduction of the pilot injection
before the main injection has potential to decrease combustion noise due to
the reduced main ignition delay [84, 85]. The dwell time influence on the
combustion noise has been analysed in [37] and it has shown that in the digital
rate shaping regime the noise decreases obviously with dwell time. This could
be explained by the heat release rate (HRR) pattern [86, 87]. The application
of multiple injection strategy leads to a lower combustion noise due to the
smaller maximum HRR [88]. The HRR pattern has been manipulated to
be as linear as possible for the cases with three and four pilot injections in
order to achieve the optimized combustion noise [89]. The general method to
evaluate the combustion noise is based on the time-frequency analysis applied
on the in-cylinder pressure signal. A fast Fourier Transform (FFT) is applied
to the cylinder gas pressure signal to obtain the corresponding power spectrum
[90]. The effective combustion noise level has been defined as by applying
two types of filters with regard to the frequency attenuation effects of the
human hearing system and the engine [91]. Based on the obtained combustion
noise Fourier spectra, the dominant frequency range pertaining to the largest
contribution to the overall combustion noise could be identified. However, it is
not able to quantify the contribution from different combustion phases during
the combustion process. Lately, the time-frequency analysis has been developed
and implemented in the real-time performance monitoring field for the aim of
fault diagnosis. It has been realized by analysing the frequency variations when
the combustion is taken place [52]. In the current study, time-frequency analysis
has been applied to detect each combustion phase during the combustion period
and the corresponding contribution to the direct combustion noise has been
assessed. The presented methodology could be implemented in the ECU for
real-time controlling and diagnosis. Moreover, it could be used for validating
and refining the combustion models.



Chapter 2

CR injection apparatus
modelling and analysis for the
standard and decreased volume
sizes

2.1 Experimental setup and the measurement
devices

A Common Rail (CR) diesel injection system which features a 700 mm3

displacement of high pressure rotary pump, a 20 cm3 internal volume of rail and
three solenoid type electroinjectors has been adopted. The applied injectors is
equipped with a Microsac nozzle and features 7 injection holes. The rail-to-
injector pipe has a length of 200 mm and an internal diameter of 3 mm.

With regard to the system pressure control, two types of devices have been
included in the CR diesel injection system. A pressure sensor and a pressure
control valve (PCV) have been equipped on the rail. The other is a fuel-metering
valve (FMV) which is mounted at the inlet part of the pump for the aim of
controlling the absorbed flowrate based on the injector requirements and the
high-pressure control system efficiency has been improved. In the current work,
the PCV has been selected to control the high pressure instead of the FMV.
The experimental tests have been performed with a solenoid actuated CRI 2.18
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injector which features a pressure-balanced pilot-valve aimed at reducing the
static leakage as well as optimizing the multiple injection control.

The experimental tests regarding to the injection system have been carried
out at the Moehwald-Bosch hydraulic test bench located at the Internal Com-
bustion Engine Advanced Laboratory (ICEAL) of the Politecnico di Torino.
The test rig is equipped with the piezoresistive transducers and the thermal-
couples in order to acquire the pressure transients and the temperatures at
different locations inside the high-pressure hydraulic circuit of the injection
system. With regard to the instantaneous injected flowrate and the injected
quantity during the tests, the Mexus flowmeter has been installed to collect
the data of one injector. The electric driving signals acting on the injectors
have been acquired by means of a current clamp. Furthermore, the injector
leakages happened during the injection event have been collected through KMM
flowmeter.

2.2 PID controller and PCV submodels
A previously homemade predictive model, reported in Fig. 2.1, has been

developed for the 1D simulation with regard to the CR system in [21]. It has
been made up of various submodels pertaining to the high-pressure pump, the
injectors and the rail which are presented in Fig. 2.1a. The hydraulic model
includes several chamber elements which are in zero dimension and they are
coupled through one dimensional orifices or pipes. The barotropic flow has been
considered and the corresponding ordinary and partial differential equations
have been computed and solved with the Newton equations regarding to the
valves mobile elements. Fig. 2.1b refers to the scheme of the tested injector.
More detailed information related to the pump hydraulics and mechanical
submodel have been reported in [94].

The presented CR system model has been further developed by adding
another submodel which stands for the PCV installed in the rail. The original
rail submodel, which was considered as a pure hydraulic capacitance, was
performed to simulate the valve through a varied flow-area throttle based on
the PID controller output demand (cf. Fig. 2.1a). The updated newly PCV
submodel contains both mechanical and hydraulic components as shown in
Fig. 2.2a. Based on the schematic drawing, port 1 refers to the connection
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of the fuel flowing into the rail and port 2 indicates the fuel passage back to
the tank. A restricted flow-area, expressed as A, is presented between port 1
and 2 varying as a function of the armature lift x. The mechanical equilibrium

(a) The sketch of the CR system model.

(b) The drawing of the applied solenoid injector.

Figure 2.1: CR injection system model and the tested CR injector.
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equation pertaining to the PCV armature has been expressed as:

mẍ+βẋ+kx = prailS −Fmag −Ffl (2.1)

where m stands for the valve armature mass, β represents the damping
coefficient and k is the spring stiffness. The injector receives a force (prailS)
from the rail pressure that is acting to open the valve, while the electromagnetic
force (Fmag) originated from a solenoid output signal pertaining to the PID

controller results in an opposite direction which is to close the valve. Ffl

represents the flow force acting at the restricted flow-are between the armature
ball valve and the valve seat. Based on the previous study, this force caused by
the fluid acceleration tends to close the ball valve and it acts in the opposite
direction with respect to the rail pressure force. The flow force Ffl is the
function of the pressure drop through the PCV and the restricted flow-area
A(x) which is shown in the following:

Ffl = 2µA(x)∆pcosθ (2.2)

where the valve flow coefficient is expressed by the parameter µ. θ is the flow
force angle inclination and it has been estimated as the valve-seat cone semi-
angle, expressed as α shown in Fig. 2.2a. The restricted flow-area A(x) could
be roughly expressed as A(X) ≈ πDxsinα (D is the ball valve seat diameter)
since the valve seat features x/D ≪ 1. Based on the approximation equation,
A is proportional to the armature lift x and an equivalent stiffness, namely
kfl. The equivalent stiffness with regard to the flow force could be defined as
following:

kfl = 2µπD∆pcosα sinα (2.3)

It should be noted that, the equivalence stiffness kfl gives a big contribution
to the total system stiffness (ktot = k +kfl). To be specific, kfl features a bigger
natural frequency value and therefore the frequency response of the valve as
well as the pressure control performance have been improved (cf. Fig. 2.2b).

The working principle of the PID controller is based on the pressure
difference, namely e, between the setting nominal pressure pnom and the real-
time rail pressure level prail(t) as shown in Fig. 2.3. With regard to the
controller coefficients, P represents the proportional contribution, I refers to
the integrative portion while D stands for the derivative part. The above-
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mentioned parameters have been expressed as following: Kp, Ki and Kd. prail

pressure signal has been captured by a rail-integrated pressure sensor every 5
ms and is monitored by the electronic control unit ECU .

To be specific, target value is defined as pnom while the output instanta-
neous pressure signal is expressed as prail(t). This prail(t) is controlled by the

(a) Schematic drawing of PCV submodel.

(b) Frequency response of the valve.

Figure 2.2: PCV submodel.
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injection system transfer function, namely Gs. The PID controller working on
the pressure difference e generates an electric current (IP CV ) that should be
provided to the PCV solenoid for generating the desired electromagnetic force
based on the following equation:

Fmag = Cµ0N2IP CV
2/(1−x)2 (2.4)

where C is a constant coefficient which depends on the geometric sizes of the
considered magnetic circuit [20], µ0 stands for the magnetic constant, N is the
PCV controller solenoid turns number and l represents the initial length of the
air gap. In practical, the electrical current IP CV has been applied to the PCV

through a pulse width modulation (PWM) controller featuring a fundamental
frequency of 1 kHz.

In Fig. 2.4, the current signal IP CV has been reported under the working
condition pnom = 1000 bar and ET = 3000 µs. The oscillations of the reported
current feature an amplitude of nearly 0.3 A and a frequency of 1kHz with
respect to the mean value (expressed with dashed line) which are due to the
operation mode of the PWM . Based on Fig. 2.2b, it could be inferred that the
optimal operating working frequency range of the PCV controller should be
within the range of 0< f< 500 Hz in order to reach a satisfied dynamic response

Figure 2.3: Control strategy of the prail.
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while the performance is bad for the condition of f ≥ 800 Hz. It should be
noted that the valve is controlled by the IP CV average value instead of the
fluctuations caused by the PWM controller. The validation of the upgraded
predictive CR model including the new PCV and PID controller submodels
has been realized by comparing the rail pressure and injected flowrate under
different working conditions. In order to reduce the prediction errors related to
the PID model, a least square technique has been developed to the coefficients
Kp, Ki and Kd and the obtained values have been applied preliminarily to the
experimental rail pressure data in terms of n=2000rpm under steady-state and
transient conditions.

In Fig. 2.5, some steady-state experiments results pertaining to the valida-
tion process have been reported in terms of the rail pressure level and injected
flowrate. The numerical simulation results are plotted in solid line while the
corresponding experimental data are represented with symbols. The almost
coincident between the numerical and experimental results under different
working conditions shows a satisfied performance and an accurate simulation of
the presented predicted pressure control system model pertaining to the steady
state working conditions.

Figure 2.4: The current IP CV provided to the PCV .
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2.3 Parametric analysis on the PID controller
parameters

In order to study the PID controller parameters affect on the performance
of the injection system, parametric analyses have been carried out in the
present investigation. Figs. 2.6-2.8 refer to the change of Ki, Kp and Kd

parameters influencing on the rail pressure trace under pnom step pressure
transient conditions (n=2000 rpm). During the practical pressure control, the
load transients are more critical than the engine speed transients due to the
longer duration for the latter condition. In Fig. 2.6, under an injection event
featuring ET = 500 µs condition, a rail pressure step transient from pnom = 600
bar to pnom = 1000 bar has been modified with regard to different Ki values
while maintaining the same baseline values of Kp and Kd. The Ki percentage
variation is defined as the reference to the corresponding baseline value which
has been evaluated during the model validation procedure. It could be seen
from the figure that the injection system response time to the nominal pressure
step transient decreases with integrative parameter increasing. That is to say,
the pressure time history features a steeper slope for a higher Ki. However,
a bigger pressure overshoot can be resulted when Ki increases. In the case
of “Ki + 100%” (plotted in solid line with rhomboidal symbols), the generated

Figure 2.5: The numerical and experimental results for the model validation.
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overshoot arrives about 60 bar with respect to the baseline case due to the
doubled Ki. As far as “Ki +50%” case (plotted in dotted line without symbols)
has been concerned, no overshoot has been observed but the pressure raise
rate appears to be slow, indeed, over 8 engine cycles are needed to reach the
new nominal pressure value. Nevertheless, based on the simulation result, Ki

value as the half of the baseline one is able to exclude the steady-state error
pertaining to the prail within the simulation time. It does not appear in the
“Ki → 0” case since the reduction rate is not sufficiently fast. It should be
note that a trade-off between overshoot and settling time, that is, the time
required to achieve the target steady-state working condition with an acceptable
tolerance, should be considered when choosing the integrative gain. Fig. 2.6
shows that the baseline case (plotted in solid line without symbols) features a
satisfactory compromise selection since it represents a pressure overshoot value
which is similar to the amplitude of the natural fluctuations of the steady-state
condition rail pressure level and an acceptable settling time.

Fig. 2.7 refers to the influence of Ki on the pressure step change from 1000
bar to 1400 bar. The dotted line indicated as P ≪ I represents a pressure
control system with the proportional part shares the less contribution with
respect to the integrative one. Under this control strategy, the steady-state error
pertaining to the rail pressure could be cancelled, however, the performance

Figure 2.6: Effect of integrative gain on the pnom step change (ET = 500 µs).
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with regard to the pressure overshoot and settling time become worse. A bigger
Ki (the case plotted in solid line with rhomboidal symbols) benefits for a faster
settling time and a reduced pressure overshoot during the pressure transients
as shown in Fig. 2.7a. The disadvantage caused by a high Ki value is related to
the system performance after the step transient is finished. Based on Fig. 2.7b,
an extremely high Ki value that is P ≪ I, plotted with solid line with triangle
symbols, results in high oscillations in IP CV and thus leads to a relatively high
pressure fluctuations around the desired new pressure level pnom.

The effect of Kd on the pnom pressure step change from 600 bar to 1000
bar has been finally investigated and the result has been shown in Fig. 2.8.
The derivative contribution has been set to be null for the baseline case (in the
legend of the plot, Kd is a positive value that is doubled in the “Kd+100%”
case). As far as the effect of Kd has been concerned, the parametric analysis
has been performed and the result indicates that the influence of derivative
part is negligible during the steady-state working conditions but it has the
influence on the injection system performance under pressure step change case.
To be specific, a bigger value of Kd lets the pressure rise in a bigger slope at the
beginning of prail change since a sudden rise occurred in the (pnom-prail) error
as soon as the nominal pressure starts to increase. The rail pressure increase
begins to slow down subsequently since the (pnom-prail) error diminishes. The
derivative of the error with respect to time multiplied by derivative coefficient
makes a negative contribution to the PID output signal (cf. fig. 2.3). Generally
speaking, among all the simulation tests, the pressure overshoot and the settling
time are not correlated to Kd value.

Nowadays, the PID parameters tuning could be realized in various ap-
proaches in engineering systems. Some procedures, proposed in [95, 96], are still
applicable due to the simplicity. In [97], the parameters haven been preliminar-
ily optimized during the experimental tests carried out on the injection system.
An improved performance has been achieved by developing a reliable physical
model of the fuel injection apparatus without the need of a large number of
the experimental tests in [98, 99]. Based on this, the presented upgraded CR
system model could be applied to the PID parameters optimization process in
order to reach a more refined and efficient tuning method
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2.4 Variable coefficient PID strategies
By implementing more complex control methods instead of applying the

linear constant coefficients pertaining to PID strategies, the rail pressure
control under the transient working condition could be improved. For instant,

(a) pnom step pressure change

(b) pnom steady state condition

Figure 2.7: Effect of proportional gain on the pnom pressure signal (ET = 300 µs).
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variable coefficient PID control strategy have been developed based on a certain
limit which is set for the | pnom-prail | error. Once this error exceeds the set
threshold, the proportional and derivative contributions will be modified to a
bigger value in order to achieve the desired advantages. On the other hand,
the decrease in the coefficients Kp and Ki will be realized if the | pnom-prail |
error is smaller than the limit for the aim of pressure overshoot or the steady-
state pressure fluctuations control. Nevertheless, Figs. 2.9 and 2.10 show two
examples that the tolerance of 50 bar pertaining to the error | pnom-prail |
has been set and the resulted reduction (30 %) in the Kp or Ki do not lead
to any obvious beneficial with regard to the rail pressure transient while the
steady-state pressure fluctuations have been slightly reduced. In Figs. 2.9 and
2.10, the baseline control strategy referred to the constant coefficient (plotted in
lines without symbol) have been compared with the variable coefficient strategy
(potted in lines with rhomboidal symbols). It should be noted that when the
new working condition is about to reach, the contribution pertaining to the
proportional and integrative aspects of the PID controller starts to gradually
decrease since the pressure error | pnom-prail | progressively reduce. In this way,
these two parts, proportional and integrative parts, begin to reduce the effect
within the band and not depend on the corresponding Kp or Ki.

Figure 2.8: Effect of derivative gain on the pnom step change (ET = 300 µs).
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Moreover, the considered variable coefficient PID control strategy does not
show any advantages at the beginning of the pressure step change since the
maximum mechanical stress that is allowed on the considered high-pressure
pump facilities restricts the pressure rise rate.

Figure 2.9: Variable coefficient PID strategy: Effect of proportional gain.

Figure 2.10: Variable coefficient PID strategy: Effect of integrative gain.
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With regard to the rail pressure rise rate limitation during the pressure
transient process for the Common Rail system, the dedicated calibration maps
have been developed and the pressure time derivative value has been limited to
3000 bar /s −1 which is enough for the constant linear coefficients PCV control
strategy. In other words, the baseline PID control strategy have chosen the
value of the constant coefficients Kp or Ki on the basis of the pressure rise
rate limit presented in the calibration maps aiming at a faster system response.
It should be noted that the cases presented in the Figs. 2.6 and 2.7, where
the parametric analyses have been studied, have not expected this dprail/dt

threshold limit but only considered the PID controller coefficients change
influences. The complex PID controller method, namely variable efficient
control strategy, presents a more efficient control by applying it in FMV based
fuel injection systems since a more rapid control process is occurred and this
leads to a much higher proportional and integrative coefficients than the one
with PCV . In this way, the behaviour of the proportional and integrative parts
is shown to be satisfied in the FMV controlled system.

2.5 Volume size variation effect
Based on the cases plotted in Fig. 2.11, it could be concluded that the

amplitude of the rail pressure fluctuations tends to increase with reducing the
accumulation volume (Vrail) during the engine cycle. The working principle of
the rail pressure control system in the CR system is to maintain the average value
of the rail pressure prail(t) close to the nominal pressure level pnom regulated by
the ECU. Therefore, with regard to a smaller accumulation volume, the initial
value of prail appears to be slightly higher in order to compensate the bigger
pressure drop due to the injection event [100]. The injected flowrate pattern
remains almost the same when the rail size has been modified, it is also true
for a big injected mass as shown in Fig. 2.11 with Minj ≈ 50mg. An obvious
difference could be detected in the latter part of the injection with regard to
different rail volumes: a lower rail pressure level has been shown during this
period for a smaller accumulation volume and it results in a slightly smaller
flowrate and a longer nozzle closure delay which features under 20 ms difference.
However the decreased flowrate has been compensated by the higher nozzle
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closure delay and finally the injected mass variation is within 1% pertaining to
the reported single injections.

In Fig. 2.12, a double injection strategy has been reported with pnom = 1000
bar, ETmain = 500 µs, ETafter = 150 µs and DT = 600 µs. With regard to
Vrail = 12.9 cm3, the injected masses pertaining to main and after injection

(a) Single injection: ET = 300 µs, pnom = 1800bar, n = 2000rpm

(b) Single injection: ET = 1000 µs, pnom = 600bar, n = 2000rpm

Figure 2.11: Effect of accumulator size on the rail pressure and injected flowrate.
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shots approximately equal to 17 mm3 and 2.5 mm3, respectively. The above
mentioned working condition has been analysed in order to study the influence
of a bigger pressure drop value when the main injection finishes for a smaller
accumulation size at the presence of the after injection.

The mass variation pertaining to the main injection with respect to Vrail is
under 3% while the after injection features a maximum deviation of 10% for
the Vrail = 2 cm3 when comparing with the Vrail = 20 cm3 one. With regard
to the layout featuring Vrail = 2 cm3, the lowest level of the rail pressure signal
during 11.5ms < t− t0 < 15ms when the after injection is taken place leads to
a smallest peak flowrate.

The Vrail = 5 cm3 layout has been modified in order to reach the approx-
imately same rail pressure trace as the Vrail = 20 cm3 case by means of the
developed predictive model through regulating the PID controller coefficients.
The pressure control system frequency has been defined as fpc = 1/δt where
δt refers to the time interval between two continuous electronic control unit
evaluations of the rail pressure. Single injections have been selected as example
and the pressure control system frequency as well as proportional gain will be
adjusted based on the requirement.

Figure 2.12: Effect of accumulator size on Main-after injections: pnom = 1000 bar,
ETmain = 500 µs, ETafter = 150 µs, DT = 600 µs, n = 2000rpm.
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In Fig. 2.13a, the influence of the proportional coefficient Kp on the rail
pressure signal for the accumulator size equal to 5 mm3 has been shown. It
could be concluded that with a bigger Kp which is 5 times the baseline value, the
rail pressure trace prail(t) (plotted in solid line with circular symbols) has been
changed with respect to the baseline case. However, such change does not show
any advantages when the injection is happened. Another case pertaining to
zero contribution of the proportional part, plotted in solid line with rhomboidal
symbols, has also been investigated for the Vrail = 5 cm3 case and the rail
pressure time history appears to be almost coincident with the reference case
under a steady-state working condition. Generally speaking, the proportional
gain only gives a contribution on the rail pressure when the engine is facing a
transient situation. The effect of the system frequency on the prail(t) pattern
has been analysed also for the Vrail = 5 cm3 case and the result is shown in Fig.

(a) Effect of different Kp values.

(b) Effect of different δt values.

Figure 2.13: Effect of proportional gain and control system frequency on the rail
pressure and the injected flowrate under steady state working conditions (pnom =
600 bar, ET = 1000 µs, n = 2000rpm).
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2.13b. The decrease of δt from 5 ms (baseline value) to 1ms, where it refers to
the control system frequency increases from fpc = 0.2kHz to fpc = 1kHz, has
no obvious changes on the rail pressure trace. As far as the combination effect
has been concerned, the case plotted in solid line with rhomboidal symbols has
shown that the significant increase in the control system frequency as well the
proportional gain results that the rail pressure starts to increase more rapidly
when the injection is finished. In this way, the Minirail dynamic response to
the injection event could be optimized. Nevertheless, it should be noted that
when the injection is taken place, the rail pressure time history is not affected.

In Fig. 2.14, different accumulator sizes have been analysed under a step
pressure transient from pnom = 1000 bar to pnom = 1400 bar. For a smaller
Vrail value, the pressure rise rate is higher at the beginning of the step transient
since the PCV has discharged some fuel when the pnom varies and the injected
flowrate is therefore reduced. Nevertheless, the increasing rate of the rail
pressure starts to gradually reduce in the second phase of the transient.

The above explanation has been proved in Fig. 2.15a by plotting the
calculated moving average rail pressure time histories corresponding to the
ones shown in Fig. 2.14. The time required to reach the new setting nominal
pressure has been delayed when the volume size has been reduced significantly.

Figure 2.14: Effect of accumulator size under transient condition: from pnom =
1000 bar to pnom = 1400 bar (ET = 300 µs, n = 2000rpm.



28
CR injection apparatus modelling and analysis for the standard and decreased

volume sizes

It is explained by the PID controller coefficients setting criteria since it is
based on the baseline volume size Vrail = 20 cm3. Another accumulator size
with Vrail = 2 cm3 has also been reported and the proportional gain has been
decreased with 90% with respect to the baseline case one (expressed as Kp-90%).
At first, the pressure rise rate is slower and then the pressure starts to increase
rapidly due to the reduced proportional coefficient and finally the performance
behaves similar as the baseline reference. Based on the comparison plot between
Vrail = 2 cm3 with Kp-90% and Vrail = 20 cm3 which is shown in Fig. 2.15b,
the rail pressure traces for these two layouts are almost the same although the
high frequency pressure waves feature a higher amplitude pertaining to the
smaller rail size one.

The following Figs. 2.14 and 2.15 reveal that a reduced accumulator size is
possible to promote the injection system response since the hydraulic inertia has
been decreased. With regard to the rail pressure control, under a pressure step
transient working condition the rail size does not have any influence by applying
the PID controller. In this way it offers a suitable solution for a fuel injection
system without rail and in the Chapter 3 the innovative Common-Feeding
system has been investigated based on the present study.
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(a) The moving averaged curves of the prail

(b) prail comparision

Figure 2.15: Combined effect of accumulator size and proportional gain on the pnom

step change .



Chapter 3

Application of a prototypal
Common Feeding injection
system

3.1 CR and CF fuel injection systems appara-
tus

The hydraulic layouts containing the schematic diagram and the photo
pertaining to the CF and CR systems have been displayed in Figures 3.1a and
3.1b. In the CR system, the fuel flows out of the high-pressure pump and
then reaches the accumulator, the so-called rail, through a pipe that has an
internal diameter of 2.7 mm. In the present work, for the aim of analyzing
the accumulator size affect, various rail prototypes featuring different volume
sizes of 10 cm3, 4.7 cm3 and 2.1 cm3 have been manufactured by changing the
internal cylinder diameter but remaining the same total length. Whereas, as
indicated in Figs. 3.1b and 3.2, a chamber C ( numbered as 4 in Fig. 3.2)
has been realized which is a cross shape with an internal volume of 10 cm3.
Three chamber prototypes have been manufactured: an additional gauge orifice
has been selected for two of them with the diameter of dor = 1.2 mm and 1.6
mm, respectively. The orifice is located at the connecting area between the
chamber and the injector feeding pipe and is designed for the aim of pressure
waves attenuation. In order to capture the rail pressure time history, a pressure
sensor indicated as item 5 in Fig. 3.2 has been mounted inside the chamber
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C. With the modifications of the system layout, the CF system leads to a
lower cost as well as a simpler installation process. The high-pressure pump
is a single cylinder double-acting type for both the CR and CF apparatus.
The pump outlet, that is the high-pressure part, is equipped with a solenoid
valve (indicated as item 2 in Fig. 3.2) used to regulate the fuel pressure in
the high-pressure circuit by discharging the excess pumped fuel during the
operation. The parameters of the pipes mounted in both CF and CR systems
are l = 300 mm of length and d = 2.7 mm of internal diameter. The injector
features a number of 6 nozzle holes and the diameter is 0.135 mm. In the
current research, the injection system is designed for the Asia market of light

(a) CR system

High-pressure 
pump

HDA

pinj,in

Injector
to KMM

Injector
to KMM

Leakages 
to KMM

Ginj
C

Injector
to KMM

(b) CF system

Figure 3.1: The schematic diagram and the photo of the high-pressure circuit of the
CR and of the CF systems.
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3

5

6

1. Outlet of the pump
2. Pressure regulation valve
3. Inlet of the accumulator
4. Chamber C (the accumulator)
5. Accumulator pressure sensor
6. Inlet of the pump
7. Outlets of the accumulator

4

7

Figure 3.2: The photo of the accumulator fixed in the high-pressure pump.

duty commercial vehicles. In this way, the fuel injected mass defined for each
engine cycle is set to be varied from 0.5 mg to 60 mg. The present investigation
has been established as a research project that are shared between Nanyue Fuel
Injection Systems Co., Ltd. and Politecnico di Torino. The facilities under the
research such as the high-pressure pump, high-pressure pipes, injectors and
different volumes of rails have been fabricated and provided by Nanyue Fuel
Injection Systems Co., Ltd.

3.2 Experimental facility
Both the CF and CR fuel injection systems have been performed at the

Moehwald Bosch hydraulic test rig installed in the ICEAL Laboratory of
Politecnico di Torino. The bench has the ability to provide 35 kW nominal
power, 100 Nm maximum torque and 6100 rpm maximum speed. Figure 3.3,
installed with the CR system as an example, shows the schematic drawing of
the whole acquisition system with the applied devices.

The test bench is installed with two types of flowmeters which are HDA
and KMM. With regard to the working principle of HDA, the pressure signal
in a fixed volume is collected based on Zeuch method. In the current project,
HDA has been applied to catch the instantaneous flowrate and report the
overall injected mass for one injector. KMM connected to the injectors has
been used to constantly record the recirculated flowrates within the injectors
[30]. As far as the pressure time history along the rail-to-injector pipe has been
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pinj,in

prail

Inj. 2
to KMM

Inj. 3
to KMM

Inj. 4
to KMM

Inj. 1

Ginj

Current

C
PU

KMM

Oscilloscope

Figure 3.3: Scheme of the acquisition system.

concerned, namely pinj,in, piezoresistive type of pressure sensors have been
installed to fulfil the aim. The rail pressure transients presented in the CR
system are captured by another piezoresistive transducer, while the pressure
inside the chamber pertaining to the CF system is not able to be measured.
As shown in the plotted diagram, a current clamp has been mounted for the
aim of measuring the energizing current applied to the injector. The signal
process procedures, that are the pressure transients from the pressure sensor,
the instantaneous injected flowrate from HDA and the energizing current from
the current clamp, are realized by a CPU. In order to remove the meaningless
spurious oscillations presented in the collected signals, the low-pass filter with
an adaptable cut-off frequency has been selected and applied in the CPU.
The output of the conditioner is connected with an oscilloscope in order to
synchronize the acquired signal time histories. It should be noted that, the
installed KMM subsystem could also detect the flowed fuel quantity for each
engine cycle. In order to simulate the diesel oil properties under an appropriate
pressure and temperature scope, Shell V-oil 1404 (ISO 4113) calibration type
fluid has been applied in the test bench [101]. The pump speed has been fixed
at a constant value, i.e. n = 1000 rpm referring to 2000 rpm engine speed,
for all the experimental tests. It should be noted that, the obtained research
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inj 1.8M mg=

(a) pnom = 1600 bar, ET = 180 µs

inj 50.4M mg=

(b) pnom = 1100 bar, ET = 800 µs

Figure 3.4: Comparison of the Ginj and the pinj,in between the CR systems with
different rail volumes.

results are appropriate for the other different engine speeds since n does not
cause any effect on the injection system performance.

3.3 Results and discussion
In Figure 3.4, two engine operating points pnom = 1600 bar, ET = 180 µs

and pnom = 1100 bar, ET = 800 µs with single injection strategy have been
considered for different rail volumes (Vrail) pertaining to the CR layout. The
measured injector inlet pressure time histories (pinj,in), the instantaneous
injected mass flowrates (Ginj) and the electrical current signals have been
collected and reported as an average value over 100 consecutive engine cycles
under steady state working conditions. The pressure signal pinj,in which shows
the pressure variation trend is known as a critical parameter in the high-pressure
circuit. Before the current starts to increase (0 ms < t− t0 < 0.5 ms, where t0
stands for the reference time instant), the pinj,in pressure time histories remain
almost constant and stable for different Vrail values which cause negligible effects
to the incoming injection events. The occurrence of the possible influences
acting on the pinj,in pressure is due to the residual pressure waves transmitted
through the rail-to-injector pipe that are excited by the last injection cycle.

For a relatively small injected mass (Minj = 1.8 mg) which is shown in Fig.
3.4a, when the rail volume Vrail varies, the pinj,in and the Ginj time histories
are almost identical during the whole injection event that is 0 ms < t−t0 < 8 ms.
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It could be included that the Vrail value has negligible influence on the injection
performance when the small injections are considered. With regard to a large
injected mass (Minj = 50.4 mg displayed in Fig. 3.4b), the initial phase of
the pinj,in pressure traces, signed with a circle, have shown to be increased
with the reduced accumulator size. This pressure difference fact leads to a
more quickly needle lifting process during the start of the injection period
pertaining to a smaller accumulator volume and as a consequence, a slightly
bigger instantaneous injection flowrate is caused which is indicated as the
circled region of Ginj in Fig. 3.4b. Finally, for the same electrical command to
the injector, the fuel injected quantity has been altered. In Fig. 3.4b, referring
to different values of Vrail , a depression wave originated from the start of the
injection event begins to travel along the pipeline following the path from the
injector to the rail. This pressure wave reaches pinj,in pressure sensor position
at t− t0 ≈ 0.8 ms. Since there is a constraint area between the injector needle
and the seat, part of the fuel travelling from the injector feeding pipe passage
to the nozzle is not able to be drained through the nozzle orifices [102]. In this
way, a compression wave is generated at t− t0 ≈ 1 ms. At the same time, the
before-mentioned depression wave reaches the end of the rail and then reflects
back as a compression wave propagating towards the injector nozzle side. The
effective hydraulic injection is considered to be finished at t− t0 ≈ 2 ms when
the needle reaches the end of stroke and causes the needle closure. The water
hammer effect has been detected in the pinj,in pressure traces and a series of
oscillations occurred afterwards is also presented.

By applying the mass conservation equation to the rail, the following
equation is defined:

Vacc

a2 · dpacc

dt
= Gpump −Ginj −Gleak (3.1)

where Vacc stands for the accumulator volume (in this case it represents the rail
volume), pacc is defined as the mean pressure in the accumulator, a is the fluid
speed of sound, and Gpump, Ginj and Gleak refer to the fuel pumped, injected
and leakage mass flow-rates, respectively. By realizing the integration of Eq.
(3.1) over an entire injection cycle (Tinj), one obtains:

Vacc

a2 ·
Ú t0+Tinj

t0

dpacc

dt
= Mpump −Minj −Mleak (3.2)
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where t0 is defined as the reference time instant. By considering a similar total
amount of fuel mass (Minj +Mleak) has been discharged from the injector for
different values of Vrail and the pumped fuel Mpump is nearly identical, it could
be concluded that pinj,in variation is inversely correlated to Vacc. In other
words, pinj,in starting level is higher for a smaller Vrail and it is intentionally
set by the control strategy of ECU in order to keep the time average value of
the rail pressure remaining around the nominal value. Since the subsequent
rail pressure drop due to the injection is larger for a reduced Vrail, the initial
difference in pinj,in is said to be compensated by the injection event. It could
also be seen from the plot shown in Fig. 3.4b that pinj,in pressure traces
pertaining to different values of Vacc are basically coincident.

Same variables displayed in Fig. 3.4 have been analysed under another
working point (Minj = 61.4 mg) and shown in Fig. 3.5. The CF layout featuring
VC = 10 mm3 and no additional orifices has been studied. With regard to the
pressure signal pinj,in, the initial value pertaining to the configuration of the
CF system is located between the CR system with Vrail = 12 cm3 and 2.1 cm3.
It is also true for the increasing phase of the injected flowrate as shown in Fig.
3.4. Therefore, the injection performance is strongly related to the accumulator
volume size.

As far as the CR system is concerned, the free pressure waves generated
due to the injection event behave differently when the rail volume is varied:
the frequency of the free pressure waves tends to increase with the rail volume

inj 61.4M mg=

Figure 3.5: Comparison of the Ginj and the pinj,in under single injection strategy
between the CR and the CF systems.
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size. By considering the CF configuration, although it features a capacitance
volume equals to VC = 10 cm3, the pressure wave natural frequency is shown
to be almost 30% lower than those of the other rail conditions. The varied
accumulator shape could lead to this change.

The injector characteristics plot regarding to the CR and the CF systems
has been shown in Fig. 3.6. The two extreme values of Vrail in the CR
layout and the CF system non equipped with the gauged orifices have been
chosen for the comparison. The CR system featuring the smallest rail volume
size, Vrail = 2.1 cm3 plotted in dash line, characterizes a biggest slope of the
Minj −ET curve and the injected mass difference between the two CR systems
reaches up to 5.5 mg with a fixed ET . By changing from the CR layout
(Vrail = 12.9 cm3) to the CF one, the injector characteristics results to be
similar. As it has been said, a chamber with volume of 10cm3 is presented
in the CF system and this volume is comparable with the one existed in the
CR system. Therefore, it can be concluded that the injector characteristic
slope tends to increase when the accumulator volume is reducing and it is
independently from the accumulator shape. Moreover, the observed trends are
also in accordance with the initial pinj,in pressure trace difference for varies
sizes of the accumulator (cf. Fig. 3.4b)

As far as static leakage is concerned, it represents the amount of fuel expelled
from the injector back to the tank recirculation passage when the pilot valve
keeps in a closed situation during one entire engine cycle (for the current engine

Figure 3.6: Injector characteristics comparison between the CR (Vrail = 12.9 cm3

and 2.1 cm3) and the CF (without gauged orifices) systems.
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speed, 60 ms). The measurement of the static leakage has been realized under
steady-state working conditions by fixing a certain pnom level and forcing the
hydraulic system running without performing any injections. The static leakage
per engine cycle of the CR system has been measured and shown in the Fig.
3.7a. The static leakage for pnom > 1200 bar group is shown to decrease as the
rail volume reduces. From the fluid dynamcis point of view, the static leakage
could be achieved by performing a stationary volumetric flowrate based pn
Hagen-Pouseille equation:

Qleak = K
p̄

µ̄
(3.3)

where K is a geometrical parameter which describes the injector pilot valve
layout and other existences of the clearance passages. µ̄ stands for the fuel
dynamic viscosity as a function of the time averaged pressure p̄ and temperature
T̄ values inside the injector. The ECU control strategy forces the pressure p̄ to
be constant under the same pnom pressure levels when Vrail varies. With regard
to the temperature inside the injector, namely Tinj,in, it has been measured at
the position closed to the injector inlet along the high-pressure pipeline instead
of the exact inner part of injector since it is virtually impossible to be done. In
Fig. 3.7b, Tinj,in tendency with respect to different nominal pressure levels has
been reported for different volume sizes. The trend of Tinj,in has shown to be
similar with respect to that of the static leakage and it can be supposed that
the dependence of T̄ on the rail volume size is more evident than that shown
by Tinj,in. By considering that µ̄ is sensitive to the temperature change, the
difference occurred for the static leakage could be due to thermal effect.

By subtracting the static leakage from the total leakage, the amount of the
fuel flowing through the pilot valve during an injection event within one engine
cycle, namely dynamic leakage, has been evaluated. This quantity pertaining
to all the volume sizes of the CR system has been recorded and represented in
Fig. 3.8. An increasing ET results in a longer opening duration of the pilot
valve and this leads to a larger dynamic leakage. By considering the pressure
level affect, the dynamic leakage rises when the nominal pressure is higher.
However, no evident change can be observed when the Vrail changes.

The injected mass coefficient of variation σ is considered as an important
parameter for the engine application and an injection is required to meet a
coefficient lower than 10% standard [103]. In the present case, the CR system
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injected mass coefficient of variation has been measured by HDA with 100
engine cycles and the result has been shown in Fig. 3.9. It can be discovered
that, except for some working conditions under pnom = 250 bar and small ET s,
the other remaining points satisfy the basic requirement. Basically, the high
coefficients of the injected mass variation happen at either low pnom or ET .
Moreover, σ tends to drop dramatically with an increasing ET .

By considering the entire working zone shown in Fig. 3.9, the smaller
rail volume worsened the dispersion coefficient performance. For the aim of

(a) Static leakage comparison (b) Injector inlet pipe temperature comparison

Figure 3.7: Static leakage and injector inlet pipe temperature comparison among
different rail sizes of the CR system.

Figure 3.8: Dynamic leakage comparison among different rail sizes of the CR system.
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simplicity, the dispersion pertaining to Vrail = 10 cm3 and 4.7 cm3, which also
follow the trend, have been omitted in the figure.

The duration between the start of energizing current signal and the beginning
of the effective injection,namely the nozzle opening delay (NOD), has been
evaluated and reported in Fig. 3.10. The injector dynamic response has
been defined as a short NOD. In figures 3.11a and 3.11b, the performances
of NOD parameter pertaining to the CR systems with two rail volume sizes
Vrail = 12.9 cm3 (solid line) and Vrail = 2.1 cm3(dashed line) have been reported.
For a fixed pnom, a linear interpolation has been applied to the NOD data for
each configuration.

(a) Vrail = 12.9 cm3 (b) Vrail = 2.1 cm3

Figure 3.9: Injected mass coefficient of variation comparison between the CR systems
with different Vrail and the CF systems.

Figure 3.10: NOD and NCD.
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Vrail = 12.9 cm3

(a) Vrail = 12.9 cm3

Vrail = 2.1 cm3

(b) Vrail = 2.1 cm3

Figure 3.11: NOD performance of the CR systems for different rail volumes.

In general, NOD starts to be smaller with an increasing pnom since a larger
dynamic leakage flowrates happened under higher pressure level and the time
to empty the control chamber will be reduced [20].

Another parameter that is usually mentioned together with nozzle opening
delay is needle closure delay, namely NCD, as shown in Fig. 3.10 . It refers to
the duration between the shut off of the electric command from ECU and the
closure of the nozzle. The measured NCD values have been reported in Fig
3.12 for different pressure values with two rail volume sizes. It could be seen
that, with a larger ET , NCD tends to increase and a greater slope curve is
presented for a higher nominal pressure level. When ET is large enough for the
needle reaching the stroke end, NCD will be constrained and remain constant
even ET continues to increase[20]. As far as a small nominal pressure level
pnom is concerned, the needle closure force is smaller and it leads to a larger
NCD as confirmed in Fig 3.12.

The experimental tests have also been made under pilot-main injections
strategy. In Fig. 3.13, same variables as Fig. 3.4 have been conducted under
two engine working conditions pnom = 1000 bar, DT = 400 µs, Vpil = 2 cm3,
Vmain = 50 cm3 and pnom = 1000 bar, DT = 1200 µs, Vpil = 2 cm3, Vmain =
50 cm3. The ETs have been set under the dwell time DT (the time length
between two electrical currents) equals to 3000 µs when the second injection is
not affected by the pressure waves excited by the first injection. In order to
reach the same injected quantity for different Vrail values, the predefined ETs
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have been fixed when DT changes. In the Fig. 3.13, only one current signal of
one Vrail has been plotted for the simplicity.

As far as double injection strategy (pilot and main injections) is concerned,
the small injected quantity pertaining to pilot injection Vpil causes the depression
wave immediately after the generated compression wave. The water hammer
effect due to the needle travels back to the seat then appears at the end of
pilot injection which induces the pressure waves travelling along the rail-to-
injector pipe. The free oscillations occurred in pressure signal pinj,in feature an
amplitude up to 200 bar and frequency around 1 kHz.

Vrail = 12.9 cm3

(a) Vrail = 12.9 cm3

Vrail = 2.1 cm3

(b) Vrail = 2.1 cm3

Figure 3.12: NCD performance of the CR systems for different rail volumes.

(a) pnom = 1000 bar, Vpil = 2 mm3,
Vmain = 50 mm3 and DT = 400 µs

(b) pnom = 1000 bar, Vpil = 2 mm3,
Vmain = 50 mm3 and DT = 1200 µs

Figure 3.13: Comparison of the Ginj and the pinj,in under pilot-main injection
strategy between the CR systems with various rail volumes.
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Figure 3.13a and Fig. 3.13b report the injection performance under the
same Vrail group, the target injected volumes and the ETs but with different
DT . In Figure 3.13a, the main injection starts with the presence of a depression
wave in the nozzle, while in Figure 3.13b, the main injection begins at the
time instant when a compression wave has arrived at the nozzle. The above
two examples show that the pressure waves triggered inside the injector play
a dominant effect on the main injection by means of the needle lifts, and in
turn, it affects the effective hydraulic injection duration. Indeed, the effective
injection duration pertaining to the case shown in Fig. 3.13a is slightly shorter
with respect to the situation in Fig. 3.13b. As a result, the injected flow rate
and the corresponding injected quantity are bigger for the cases in Fig. 3.13b.

The pilot and main injected volumes have been compared with respect
to different DT sweeps from 100 µs to 2000 µs and the results are shown in
Fig.3.14 where the lower curves refer to the pilot injected volume and the upper
ones are main injected volume. The injection fusion between the pilot and main
injection occurs when DT reached below a certain threshold. Under the fusion
situation, the separate pilot and main injected volume could not be detected
but evaluated as the overall quantity. As a result, the sudden rise marked as
a circle zone is occurred in the main injected volume while the corresponding
pilot injection volume data have been removed in Fig.3.14. With regard to a
high DT when the injection fusion is not happened, the pilot injected volume
(Vinj,pil) remains almost unchanged, while the main injected volume (Vinj,main)
varies with respect to the DT change and the variation has been evaluated
based on the percentage variation and defined as follows:

σ =
-----Vmain (DT )− V̄main

V̄main

----- (3.4)

where Vmain(DT ) refers to the main injected volume under a certain DT

value and V̄main represents the average main injected volume with respect to
DT . Based on σ reported in Fig. 3.14, Vinj,main variation shows up in the
values of σ which could reach 20% for small DTs. By considering the frequency
aspect, the Vinj,main oscillation with respect to DT features a frequency nearly
1 kHz which is almost identical to the one regarding to the pressure waves
shown in Fig. 3.13. It could be concluded that the pressure waves initiated by
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Injection fusion

18.56% =

Figure 3.14: Injected volumes pertaining to pilot injection and main injection between
the CR systems with different rail volumes (pnom = 1000 bar).

(a) pnom = 1000 bar, Vmain = 30 mm3,
Vaft = 2 mm3 and DT = 600 µs

(b) pnom = 1000 bar, Vmain = 30 mm3,
Vaft = 2 mm3 and DT = 1200 µs

Figure 3.15: Comparison of the Ginj and the pinj,in under main-after injection
strategy between the CR systems with various rail volumes.

the pilot injection and passing inside the rail-to-injector pipe have influenced
significantly on the main injected quantity [104].

With regard to the double injection strategy, the main-after injections have
also been performed and analysed. As explained for the pilot-main injections,
for all the Vrail values, the main-after injections strategy features fixed ETs

which are defined under DT = 3000 µs for the aim of achieving the same
injected volumes. In Fig. 3.15, the injector inlet pressure time histories, the
instantaneous injected flowrates and the electrical current signal (the one
pertaining to Vrail = 12.9 cm3 has been selected as an example) have been
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shown under 1000 bar of nominal pressure level. The target values for the main
and after injections are 30 mm3 and 2 mm3, respectively. Fig. 3.15a makes
reference to the situation with DT equals to 600 µs while Fig. 3.15b features
DT value being 1000 µs. The quantity of after injection depends closely on the
dynamic pressure waves excited by the main injection. To be specific, for the
case shown in Fig. 3.15a, the water hammer effect happens when the main
injection has finished and the needle closure excites a compression wave. As
soon as the after injection begins, the compression wave has been reflected
back as an expansion wave towards to the nozzle. As a result, the fuel injected
during the after injection event tends to decrease compared with the target
value. On the contrary, with regard to the example displayed in Fig. 3.15b,
the occurrence of a compression pressure wave during the after injection leads
to a bigger injected volume. Fig. 3.16 reports the injected volume variation
pertaining to main (upper curves)and to after injection (lower curves) with
respect to DT sweep. A visible after injection volume oscillation has been
detected as a result of the pressure waves triggered by the main injection event.
The frequency of the observed injected quantity oscillation is the same as that
of the free pressure waves that equals to 1 kHz.

With regard to different rail sizes, Figure 3.17 presents the rail pressure
signals and the injected flowrates pertaining to a pilot-main injection (cf. Fig.
3.17a) and to a main-after injection (cf. Fig. 3.17b). As has been explained
for the injector inlet pressure pinj,in, for a fixed injected volume, a smaller rail

Figure 3.16: Injected volumes pertaining to main injection and after injection between
the CR systems with different rail volumes (pnom = 1000 bar).
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(a) pnom = 1000 , Vpil = 2 mm3,
Vmain = 50 mm3 and DT = 1200 µs

(b) pnom = 1000 bar, Vmain = 30 mm3,
Vaft = 2 mm3 and DT = 900 µs

Figure 3.17: Comparison of the Ginj and the prail under main-after injection strategy
between the CR systems with various rail volumes.

volume leads to a more evident rail pressure drop during an injection event. By
reducing the rail size, the initial pressure level before the starting of injection
tends to increase in order to keep the same average nominal pressure level pnom.
At the end of the injection event, the water hammer generated by the needle
closure results in a augmented pressure level as the rail volume reduces. It
should be noted that the rail pressure dynamic behaviour differences does not
influence the injection system global performance.

With regard to the CF system, the main injected volume variations with
respect to DT have been evaluated and presented in Figure 3.18. The working
points have been selected as the same ones presented in Fig. 3.14. It could
be concluded that for the CF system, by installing the gauged orifices at the
output side of the pump, the pressure waves are able to be damped and the
amplitude of the Vinj,main fluctuations is attenuated. A smaller diameter of
the orifice dor shows a more effective damping effect on the Vinj,main oscillation
amplitude [105]. Moreover, the increase in the passing damping prolongs the
free pressure waves period and also the oscillations displayed in Fig. 3.18. The
damping effect brought by the gauged orifices investigations has been reported
in a previous work and it has been discovered that a reduction of the injected
volume could reach up to 8 %. At present, the injected flowrates under the
presence and the absence of the gauged orifices are not shown for brevity [100].
This passive damping method could also be applied to the standard CR system.



3.4 1D injection system model 47

Figure 3.18: Injected volumes pertaining to main injection versus DT between the
CF systems (pnom = 1000 bar).

3.4 1D injection system model
A 1D numerical diagnostic model has been designed and validated for the

aim of studying the effect of different Vrail on the internal dynamics performance
of the CR layout [106]. In Fig. 3.19, the schematic drawing of the 1D injection
system model has been shown and the validation process is achieved by applying
the collected experimental data [106]. With regard to the displayed model, the
main characteristics pertaining to the mechanical modules, the high-pressure
hydraulic circuit and the electromagnetic have been taken into account. The
circuit is established as a 0D chambers network and is connected through
1D pipes by applying the Lax-Wendroff scheme as the solution method. The
boundary conditions have been set as the rail pressure trace and the electrical
current signal. An isothermal process regarding to thermodynamics has been
considered and the energy equation is then transformed into a state equation.
Therefore, the governing equations with regard to the pipe model are conducted
by the generalized Euler partial differential equations:

∂

∂t

 ρ

ρu

 + ∂

∂x

 ρu

ρu2 +p

 =
 0

−4τw/D

 (3.5)

where x represents the spatial coordinate, t stands for the time, ρ, u, and
p stand for the density, the velocity and the pressure averaged over the cross-
section pipe, respectively. τw is the wall shear stress, consisting of a steady state
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Figure 3.19: The sketch of the CR injection system 1D numerical model.

term and a frequency-dependent term calculated based on the procedure shown
in [107]. The moving components are possessed by Newton laws of motion
in the ordinary differential form. Hydraulic, mechanical, and electromagnetic
phenomena result in the influential forces.

The model validation process has been realized by comparing the simulated
injection flowrate and injector inlet pressure time histories with the correspond-
ing experimental collected data. Fig. 3.20 represents an example of the model
validation pertaining to a pilot-main double injection strategy (pnom = 1200
bar, Vpil = 2 mm3, Vmain = 30 mm3 and DT = 400 µs) for two different rail
sizes, Vrail = 12.9 cm3 (cf. Fig. 3.20a) and the Vrail = 2.1 cm3 (cf. Fig. 3.20b),
respectively. The injector inlet pressure time history has been plot in continuous
line and the injected flowrate in dashed line. It can be concluded that the
1D diagnostic model has been validated since the numerical simulated traces
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(a) Vrail = 12.9 cm3 (b) Vrail = 2.1 cm3

Figure 3.20: Experimental data and numerical simulation results comparison: pnom =
1200 bar, Vpil = 2 mm3, Vmain = 30 mm3 and DT = 400 µs.

pertaining to both the pressure and the injected flowrate are almost overlapped
with the experimental data (the pressure data with triangle symbols and the
flowrate with circles).

A single injection under pnom = 900 bar and ET = 1000 µs has been con-
cerned in Fig. 3.21. The needle lift and the needle velocity pertaining to

Figure 3.21: Needle velocity and needle lift pertaining to a single injection (pnom = 900
bar and ET = 1000 µs).
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different rail sizes have been plotted and analyzed. Based on the performance
shown in the figure, it has been confirmed that the needle lift value and the
needle opening velocity increases with reducing the rail volume size. These
two factors characterize the injection duration and with a smaller accumulator
volume size at fixed ET and pnom, the augment of these two parameters leads
to a bigger injected quantity due to a longer injection duration. The reason
of the increasing value of the needle lift and of its velocity for a smaller rail
size is the higher mean pressure formed in the hydraulic circuit at the start of
the injection event. It accelerates the control chamber discharging process and
generates a faster injector response to the electrical signal [21]. With regard to
a pilot-main injection strategy where pnom, DT and injected volumes are fixed,
the main injection performances between different rail volume sizes are varied.
Based on the numerical analysis reported in Fig. 3.22, it can be observed that
although the injection duration is the same when the rail size is reduced, the
needle lift peak value slightly increases and the main injection event begins at
a higher delivery chamber inside pressure time instant. Another reason is that
the current signals are not the same with the same injection schedule pertaining
to different accumulator size. Indeed, the same injection quantities have been
realized by modifying ETpil and ETmain when the rail configurations have been
changed (selected at DT = 3000 µs). During the experimental tests, it has been
discovered that when the rail size is reduced, a smaller ETpil is needed to reach
the defined pilot injected quantity. This implies that with a fixed DT , the
current signal with regard to the main injection is brought forward compared
with the one of to the biggest rail size (where ETpil is bigger). In this case, the
advanced beginning of the main injection for a smaller accumulator volume
will not meet the depression wave coming toward the delivery chamber.
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Figure 3.22: Delivery chamber pressure and needle lift under a pilot-main injection
strategy (pnom = 900 bar, Vpil = 2 mm3, Vmain = 30 mm3, DT = 400 µs).



Chapter 4

Closed-loop control strategy of
injected mass on the basis of
time-frequency analysis

4.1 Experimental setup
The experimental campaign has been carried out on a Moehwald-Bosch

hydraulic test bench located in the ICE laboratory at the Politecnico di Torino.
The test bench is able to offer 35 kW power, 100 Nm maximum torque and 6100
rpm maximum speed. A state-of-the-art Bosch fuel injection system has been
tested and Fig. 4.1 is the experimental layout of the system. A double-effect
single piston, high-pressure pump with a total displacement of 430 mm3/rev has
been installed in the system. The injectors are Bosch CR 2.18 solenoid-actuated
which features the presence of a pressure balanced pilot-valve as shown in Fig.
4.2. The test bench is equipped with a Zeuch method-based flowmeter, named
HDA from Moehwald-Bosch, for the measurement of the injection rate and
the injected quantity which refers to the analyzed injector [108]. The electrical
current is collected by means of a current clamp. A piezoresistive pressure
transducer is mounted along the rail-to-injector pipe in order to capture the
injector inlet pressure time history pinj and it has been transmitted to PXI
(from National Instruments) with 500 kHz sampling frequency.

Fig. 4.3 shows a hydraulic circuit diagram of the injection system. The
working principle of the injection system is to deliver the high-pressure fuel



4.1 Experimental setup 53

Figure 4.1: The schematic drawing of the injection system.

from the pump to the rail and then the fuel enters into the injectors through
the connected pipe between rail and injector. Part of the fuel arrives in the
control chamber (volume Vcc) passing across the Z hole, and the rest reaches

Figure 4.2: The tested CRI 2.18 solenoid injector.
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Figure 4.3: The sketch of the hydraulic circuit pertaining to the injection system.

the delivery chamber (volume Vdc). The solenoid is engaged when the electrical
current is provided by the electronic fuel injection system and the pilot valve
is opened with discharging the control chamber. In this way the fuel pressure
in the control volume reduces and results an imbalance force on the needle.
The needle starts to move upwards, and the nozzle opens to inject the fuel
through the injection holes. When the electrical current is shut down by the
ECU, the control chamber pressure rises due to the closure of the pilot valve.
As a result, the needle begins the downstroke and when it reaches the initial
position, the nozzle is again closed and the injection phase finishes. Shell V-Oil
1404 (ISO 4113) calibration fluid has been selected for the current research due
to the similar physical properties as the diesel oil over an appropriate pressure
and temperature range. Experimental tests have been conducted under single
injections by setting nominal rail pressure pnom in the range of 500-1700 bar and
energizing time ET over the 0.35-1.1 ms range. Two different oil temperature
values have been selected with Ttank = 40 ℃ or 68 ℃ measured at the fuel tank.
Since the pump speed does not introduce any significant change on the CR
performance, for the present work, the pump speed is fixed at 2000 rpm for
all the tests. The corresponding engine speed is 2000 rpm by applying the 1:1
pump-to-engine speed ratio.
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4.2 TFA-based technique

4.2.1 Time-frequency analysis

The time-frequency analysis allows to obtain the information of the studied
transient signal f(t) in both time and frequency domain. The proposed injected
mass closed-loop control strategy in the present paper is based on the detection
of time instants of the nozzle opening and closure events. The fast Fourier
transform (FFT ) has been selected and applied to each short-time duration
while overlapping and consecutive calculations have been done to the signal.
The transient signal is assumed to be stable within each time interval and the
obtained FFT result corresponds to the mean instant of the time interval.

By processing the signal, a window function h(t− τ) needs to be multiplied
to the signal f(t). This window function contains unit energy and equals
to non-zero value only around the time instant τ . The short-time Fourier
transform of the signal f(t) is then defined in the following equation:

F (ν,τ) =
Ú +∞

−∞
f (t) ·h(t− τ)e−j2πνtdt (4.1)

As it has been explained, the chosen window function does not alter the
energy, the energy density spectrum Pf of the signal is supposed to be the
square of the short-time Fourier transform function:

Pf (ν, t) = |F (ν, t) |2 (4.2)

The energy, named as Ef is then evaluated by integrating Pf along time and
frequency domain:

Ef =
Ú +∞

−∞

Ú +∞

−∞
Pf (ν, t)dtdν (4.3)

In order to compute the mean instantaneous frequency (MIF ), probability
density function is applied to the energy density spectrum Pf as follows:

ν̄ (t) = 1s +∞
−∞ Pf (ν, t)dν

Ú +∞

−∞
ν ·P f (ν, t)dν (4.4)
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The calculated MIF is then used as the most representative frequency of
the signal at one time instant and applied to represent the variation of the
signal.

4.2.2 Injector characteristics

The injected mass measured by the HDA flowmeter as an average value of
100 consecutive engine cycles has been collected and then plotted in Fig. 4.4
under different working conditions. Under different pnom and ET values, two
temperature values have been set regarding to the fuel temperature in the tank
with 40 ℃ represented by circle symbols and dashed lines, 68 ℃ with square
symbols and continuous lines as shown in the Fig. 4.4. 40 ℃ value has been
chosen as the common reference temperature for the hydraulic tests applied by
diesel fuel injection system suppliers. Due to the safety reasons, the maximum
temperature that could be reached for the current test bench is set to be 68 ℃.
By applying a third-order polynomial function, the Minj values are fitted to
ET curves under different pnom and Ttank conditions. The speed and density
of the fuel entering out of the nozzle could be simulated as a function of pnom

and Ttank. With regard to the restricted area at the nozzle, it is considered
as a quadratic function of the needle lift. Since the needle lift curve is shown
to be a triangular shape under the ballistic injection condition, the maximum
needle lift increase proportionally with ET . In this way, under fixed pnom

and Ttank, the mean injected flow-rate is considered as a quadratic polynomial
function of ET and the resulted injected mass as a cubic function of ET . The
mean injected flow-rate, namely (Ḡinj), has been plotted in Fig.4.5 versus ET

and three nominal pressures under Ttank = 40 ℃. Based on the polynomial
coefficients displayed in the figure, it could be concluded that with respect
to the linear part, the contribution of the second order term is not negligible.
Moreover, the obtained interpolating curves through quadratic polynomials
function correlates well with the measured experimental data.

By considering the thermal regime effect, the injected mass tends to increase
with higher Ttank at fixed pnom and ET working condition. This thermal effect
behaves more evident for a lower rail pressure, which means, the difference
between the injected mass at different fuel temperatures is higher when the
rail pressure is lower. In Figs. 4.6a and 4.6b, the mass flow-rate Ginj under
different ET sweeps have been plotted for two nominal pressure levels pnom=



4.2 TFA-based technique 57

800 bar and pnom= 1600 bar, respectively. The above mentioned thermal effect
has been studied by comparing the injected mass flow-rate Ginj under Ttank=
40 ℃ and 68 ℃. As can be inferred, the injected flow rate pattern is more

Figure 4.4: Injector characteristics under various pnom and Ttank.

 

Figure 4.5: The main injected flowrate as a function of ET for various pnom levels.
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restricted by the needle seat passage at pnom = 800 bar than at pnom= 1600 bar.
In Fig. 4.6a, a higher needle lift peak value is occurred for a longer ET and
this results in a larger injected flow-rate peak value. However, this phenomenon
doesn’t appear in Fig. 4.6b where a higher nominal rail pressure is set. It
could be explained that for ET larger than 0.45 ms, the maximum flow-rate
is no more controlled by the needle lift peak value but by the nozzle injection
holes. In this way, Gmax remains the same by increasing ET when ET exceeds
0.45 ms. The example shown in Figs. 4.6a and 4.6b implies a more significant
influence of the needle lift curve acting on the injected flow-rate pattern for a
lower rail pressure value. With an increasing temperature, the fuel viscosity
tends to decrease [109] as well as the friction stresses forcing on the needle
[110]. This leads to a greater thermal effect impact on the injected mass at
pnom= 800 bar with respect to that at pnom= 1600 bar. By comparing the
injector dynamics behaviour under different Ttank values, the change of the fuel
temperature influences predominantly the friction force acting on the needle
which has also been proved in the literature [111].

The difference in the injected mass between the two selected fuel temper-
atures could reach 3mg (Minj ≈ 25mg for Ttank = 40 ℃, Minj ≈ 28mg for
Ttank = 68 ℃) under pnom = 800 bar and ET = 800 µs based on the data
reported in Fig. 4.4. Moreover, it should be noted that compared with the
temperature variation collected at the fuel tank of the hydraulic test bench, a
higher temperature increase is supposed to be reached for the injection system.
The procedure to determine the thermal regimes inside the injector nozzle
under working requires a complex and accurate model [112]: for each 100
bar of pump compression, the injector inlet fuel temperature increases at a
rate of 1 ℃ with respect to Ttank. Subsequently, the fuel flows through the
injector and the injector holes increases the temperature and it gives the biggest
contribution. With regard to the present study, selecting the Ttank values as
the representation of the thermal regime is sufficient. As has been explained,
the injected flow-rate is sensitive to the temperature Ttank variation. The start
of injection (SOI) does not vary with respect to the change of Ttank, while the
end of injection (EOI) tends to occur earlier for a lower temperature value
since the resulting injected flow-rate begins to decrease in advance with respect
to a higher temperature one. The duration between SOI and EOI is then
defined as ITL:
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ITL = EOI −SOI (4.5)

The ITL has also been expressed in Figs. 4.6a and 4.6b where the injected
mass flow-rate remains higher than zero during this period. It can be inferred

(a) pnom=800 bar.

(b) pnom=1600 bar.

Figure 4.6: Injected flowrate patterns pertaining to various ET under different
thermal regimes.
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that, under a higher Ttank value, ITL results to be longer (ITL40℃ < ITL68℃).
This leads to a shift upwards of the correlation between injected mass and ET

if pnom is the same and the fuel temperature increases which is shown in Fig.
4.4.

By substituting ITL for ET , the correlation between ITL and Minj under
each nominal pressure level pnom has been fitted through a 3rd polynomial
function as shown in Fig.4.7. Based on the performance, it can be concluded
that the ITL−Minj correlation remains the same when the fuel temperature
changes from 40 ℃ to 68 ℃. It leads to a discovery that by applying ITL instead
of ET , the injector characteristics is less or almost not affected by the engine
thermal regime. In this way, by applying the correlation between ITL and
Minj , along with the experimental data pnom and ITL, it is possible to obtain
the Minj which not depends on the fuel temperature Ttank. Compared with the
commonly applied correlation stored on the ECU, that is Minj = f(ET,pnom),
the one based on the ITL parameter results in a more robust and accurate
correlation.

4.2.3 Application of the TFA-based sensor

In Fig. 4.8, Ginj measured by means of HDA, pinj,in collected by the
pressure transducer, and the energizing current captured by the current clamp

Figure 4.7: ITL−Minj correlations under various pnom and Ttank levels.
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have been reported for the working condition under pnom = 1200 bar and
ET = 600 µs. It should be noted that the reported traces are the data averaged
by 100 consecutive engine cycles. Before the injection event is taken place,
the pressure time history pinj,in(t) does not affected by any residual pressure
oscillations presented in the hydraulic circuit and it keeps almost constant. As
soon as the energizing current starts, the pilot valve opens and results in a slight
decrease of pressure signal pinj,in. Latterly, the start of injection (SOI) takes
place which excites an expansion wave and pinj,in starts to drop dramatically
that indicated as ‘1’ in Fig. 4.8. The expansion wave travels along the rail and
then reflected back towards the injector through rail-to-injector pipe. Under
the transmission of the pressure wave, oscillations are generated and cause the
fluctuations on the injector inlet pressure. These oscillations travelled along
the pipe and are gradually damped by the wall friction as well as concentrated
losses during the whole injection phase. At the end of injection (EOI), the
water hammer phenomenon generated by the nozzle closure occurs and pinj,in

reaches the highest value marked as 2.
During the entire injection event, the significant changes in pinj,in which are

related to the hydraulic events occurred, marked as 1 and 2 in Fig. 4.8, namely
SOI and EOI. In this way, the detection of time instants SOI and EOI is

Figure 4.8: Ginj , pinj,in and the current under pnom = 1200 bar and ET = 600 µs.
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important and necessary by considering the control of injected mass. However,
the presence of the pressure oscillations generated during the injection period
causes disturbances on the determination of the time instants pertaining to
SOI and EOI. Indeed, the travelling forward and backward pressure waves
leads to an inaccuracy identification.

By applying TFA to the pressure time history pinj,in, the useful and im-
portant information will be extracted since the signal has been analysed also
in frequency aspect. The detection of the time instants pertaining to SOI

and EOI could be applied for the injected mass estimation. Generally, the
duration of the effective injection period, that is the period between SOI and
EOI, lasts within 4ms. In order to avoid the disturbances of the leakage error
that is generated by the spurious harmonic terms [113], the total length of the
pressure signal pinj,in data which is processed with TFA has been subtracted
into 8 ms.

A Butterworth low-pass filter with 4th order has been applied to the
experimental data pinj,in in order to remove undesired fluctuations and smooth
the signal. The cut-off frequency has been selected as 50 kHz and the processed
signal, namely pinj,infil

, has been inserted to replace f(t) displayed in Eq. (4.1).
As far as the window function applied in Eq. (4.1) has been concerned, a
Hanning type window has been chosen:

h(n) = 0.5
3

1− cos
3

2π
n

N

44
, 0 ≤ n ≤ N (4.6)

where n is indicated as a discretized time instant in the window and the
window duration is represented as N +1 in accordance with the sample numbers.
Referring to the present study, a window length equals to 502 µs has been
applied. With regard to a sampling frequency selected as 500 kHz, N will be
251. The STFT has been performed to the pressure signal pinj,in by applying
the parameters evaluated above. MIF is thus obtained with Eqs. (4.2) and
(4.4). There is a concern that the value of the sampling frequency should
be selected around 20 kHz in order to avoid the criticism with regard to the
energy content contained in the pressure signal frequency spectrum [114]. This
reduction is able to reduce the computational time significantly.
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4.2.4 Results

Three different working points expressed in terms of pnom and ET under
Ttank = 40 ℃ have been displayed in Figs. 4.9-4.11. The corresponding electrical
current, Ginj , pinj,in and MIF time histories during a time period of 4 ms have
been plotted. With regard to the MIF , the initial value remains a constant
value before the electrical current starts but not visible in the plots because of
the large value generated by the leakage error.

Based on the information obtained from the analyzed MIF pertaining to
the injector inlet pressure time histories, the time instant regarding to some
important events during the injection can be identified. It could be concluded
that the MIF trace could be applied to detect the needle movements, that is
the starting ascendant phase regarding to the beginning of the injection and
the latter descending phase where the injection finishes. During these periods,
a higher resolution with fast changes could be seen in the MIF value. The
MIF diagram starts to increase and reaches a local peak due to the nozzle
opening, marked as ”1” in Figs. 4.9-4.11, while the injected flowrate Ginj value
is bigger than zero. The detected time instant could be considered as the
hydraulic start of injection, namely SOI, which happens around 0.1 ms delay
with respect to the nozzle opening time instant. This delay is the time needed
by the rarefaction wave, which is triggered by the injection event, to travel from
the nozzle and reach the pressure transducer [54]. At the end of injection where
water hammer is occurred, MIF reaches the maximum absolute value and it
is defined as the EOI which is located at about 0.1 ms after the hydraulic
injection finishes. The criteria to identify the time instants regarding to the
SOI and EOI holds for all the considered working points tested under both
Ttank = 40 ℃ and Ttank = 68 ℃.

The estimated injection temporal length ITLest obtained from the MIF

trace and the real one ITL have been evaluated based on Eq. (4.5) with the
corresponding experimental data pertaining to the MIF along with the injected
flowrate. The analogous delays shown at the beginning and the end of ITLest

turns out to be coincident with ITL. With regard to the difference between
ITLest and ITL, the legend displayed in Figs. 4.9 and 4.10 shows the errors
are 1.49 µs and 5.71 µs with both percentage errors lower than 1 %.

Same quantities plotted in Figs. 4.9 and 4.10 have been shown in Fig. 4.11
in terms of pnom = 600 bar and ET = 1000 µs. The time instants regarding to
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SOI and EOI detected with the aim of the MIF time history perform a time
delay of approximately 0.18 ms with respect to the real ones. On the other
hand, by considering the injected flowrate trace, the difference between the
ITL and ITLest reaches up to 90.74 µs which is much higher with respect to
the ones in Figs. 4.9 and 4.10. For a very large ET working condition, the
estimation accuracy decreases and it could be explained by the double effect
caused by the reflected waves travelling along the rail and the water hammer
inside the rail-to-injector pipe (however, in the modern injection setup, an
injection features ET = 1000 µs is not commonly applied).

The ontained ITLest values displayed in Figs. 4.9 and 4.10 have been
considered as the input parameters of the correlation shown in Fig. 4.7 and the
output will be the estimated injected mass (Minj,est). The resulted predictions
of Minj,est referring to the above two working conditions are 30.84 mg and
16.01 mg, respectively. By comparing the estimated values with respect to
the corresponding measured injected mass obtained by means of the HDA
flowmeter, the errors regarding to the injection quantities can be considered to
be satisfied if they are within 0.5 mg. With regard to the reported working
condition in Fig. 4.11, the estimated injected mass of Minj,est = 27.56 mg

Figure 4.9: Ginj , pinj,in and the normalized MIF under pnom = 1000 bar and
ET = 800 µs.
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Figure 4.10: Ginj , pinj,in and the normalized MIF under pnom = 1700 bar and
ET = 450 µs.

results in a difference of 1.2 mg by comparing with the one obtained from the
HDA flowmeter.

The developed correlation method based on the TFA analysis which is
aimed at estimating the injected fuel quantity has been analysed under different
steady-state working conditions with various pnom and ET . The prediction
accuracy |∆Minj | calculated by the absolute difference between Minj and
Minj,est has been reported in the vertical coordinate of the 3D diagram in Fig.
4.12 as a function of pnom and ET . With regard to the fuel temperature, Fig.
4.12a refers to the one with Ttank = 40 ℃ and Fig. 4.12b features Ttank = 68
℃. The Minj values, measured by the HDA flowmeter, have been considered
as the average values of over 100 consecutive engine cycles under each working
condition. The operating points with high pnom and ET were not included
inside the experimental tests by considering that the maximum limit on the
injected mass per engine cycle is lower than 45 mg for these injectors application.

Based on the 3D graphs shown in Fig. 4.12, the prediction accuracy
pertaining to the injected mass is almost within 1mg for more than 80% of
the whole considered applications. The situations in which |∆Minj | reaches
1.5 mg are either 500 bar≤ pnom ≤600 bar, medium and high ET values under
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Figure 4.11: Ginj , pinj,in and the normalized MIF under pnom = 600 bar and
ET = 1000 µs.

Ttank = 40 ℃ and 60 ℃, while 350 µs ≤ ET ≤450 µs and high nominal pressure
levels pnom for Ttank equals to both 40 ℃. The injected mass percentage errors
have been calculated and displayed in the 3D diagrams belonging to Fig. 4.13
(cf. Fig. 4.13a refers to Ttank = 40 ℃ and cf. Fig. 4.13b refers to Ttank = 68
℃). For the operating points with small injected masses under both two fuel
temperatures, a low absolute error value (value lower than 1 mg) will cause a
percentage error up to around 15% but still inside the acceptable range.

Double injections strategy with pilot-main injections have also been con-
sidered in the current investigation. It has been observed that the numerous
events occurred during the multiple injections lead to the difficulty of detecting
the ITL since pinj,in pressure signal has been affected especially under the
short dwell time range situation. However, the proposed methodology could
be applied to the first pilot injection mass control with regard to the multiple
injections strategy and the improvement of soot and NOx engine out emissions
as well as the combustion noise could be achieved. The main injected fuel
quantity could be controlled under the presented strategy with regard to a
main-after injection train likewise.
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(a) Ttank=40 ℃.

(b) Ttank=68 ℃.

Figure 4.12: Injected mass estimation error with respect to pnom and ET under
different Ttank values.

4.2.5 Discussion

The presented new strategy aimed at estimating the fuel injected quantity
offers a simpler and more direct method than the compensative strategies
mentioned in Sect. 6.2.3 where several procedures need to be accomplished
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(a) Ttank=40 ℃.

(b) Ttank=68 ℃.

Figure 4.13: Injected mass percentage error with respect to pnom and ET under
different Ttank values.

during the evaluation. Moreover, the proposed methodology could be applied
to various types of injectors without modifying the injector internal structure.

By considering the error, that is |∆Minj |, there are two primary sources.
The first contribution is given by the correlation which cannot be ignored for
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state-of-the-art injection systems although the fitting function is satisfactory
with an accuracy within 0.5 mg. Another contribution, which is the primary
source, is the inaccuracy prediction in the ITL due to the pressure waves
superposition.

The injected flowrate pattern has been controlled both by the rail pressure
prail (controlled by the ECU in the CR system) and by the needle dynamics.
Usually, the latter factor has been considered roughly in the standard engine
calibrations by choosing ET which differs markedly from the effective injection
duration.

The correlation between the Minj and ITL under different pnom which is
implemented on the engine ECU maps leads to a more consistent interpolation
model since the selected ITL relates more closely to the needle lift dynamics
with respect to ET . Moreover, the ITL-based correlation behaves indepen-
dently to the injector thermal regime and it is important since it could be
observed from Fig. 4.4 that the thermal effect of the injector influences remark-
ably the fuel injected quantity under fixed ET and pnom working conditions.

The injected mass is lower than 3 mg for pnom ≤ 800 bar and ET = 350 µs
(the pilot injection mass quantity is commonly lower than this value) based on
the injector characteristics pertaining to Ttank=40 ℃ shown in Fig. 4.4. The
corresponding fuel estimation mass percentage error is below 15% according
to Fig. 4.13 for both two fuel temperature values which turns to be satisfied
for the injected masses lower than 10 mg cases. However, the percentage error
could reach 25 % when the fuel temperature varies from 40 ℃ to 68 ℃ with an
open-loop control strategy. It should be noted that, under the low temperature
combustion strategy, the pilot injected mass would reach 7-8 mg based on
[115]. According to the 3D diagrams shown in Fig. 4.13, the corresponding
percentage error is within 2%-15% range while the open-loop control strategy
one is more than 30%. As a result, the injected mass control strategy could
be applied to the first injection shot pertaining to the multiple injection train.
As far as the multiple injections with short dwell times have been considered,
the MIF time trace needs to be carefully taken into account by filtering the
signal and removing the fluctuations generated by the pressure waves in order
to realize the mass estimation procedure. This will be the future step of the
new strategy development and optimization. Furthermore, the post injection
for DPF regeneration aim could be controlled by the presented methodology.
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Figure 4.14: The scheme of the closed-loop strategy based on TFA analysis.

A schematic drawing of a feasible closed-loop strategy based on the current
techinique has been shown in Fig. 4.14. The methodology is realized cycle-by-
cycle with the information of ITLest. The measured injector inlet pressure time
history has been possessed through the TFA virtual sensor and the ITL has
been estimated. By applying the correlation along with the parameters ITLest

and pnom, the injected mass has been predicted (Minj,est) and then compared
with the target value (Minj,ref ) which is stored in the ECU calibration maps.
The resulted difference, namely ε = Minj,ref −Minj,est, has been inserted into
a PID controller as an input parameter and the output will be the corrected
ET needs to be applied to the next injection cycle.



Chapter 5

Time-frequency analysis
application to combustion noise
in CI engines

5.1 Experimental facilities
The experimental campaign has been carried out on the dynamic test bed

in the Politecnico di Torino IC laboratories. An AC dynamometer has been
installed which features 520 Nm of nominal torque and 220 kW of nominal
power. Its maximum speed is 12,000 rpm. Different types of diesel engines
have been applied based on different injection strategies. A properly developed
PCCI engine has been selected to perform single injection. It is a 3.0 liter,
four-stroke prototype diesel engine supplied by Fiat Powertrain Technologies
(FPT) Industrial, namely F1C engine. The important informations with regard
to the engine have been displayed in Table 5.1. The premixed combustion
phase HRR is restricted by the low compression ratio (14.6:1) and high EGR

rate and it is an early PCCI injection strategy. A simple schematic drawing of
the tested engine installed at the test bench has been shown in Fig. 5.1. With
regard to the multiple injections, the tested engine A20DTR from General
Motor and its main technical specifications have been displayed in Fig. 5.2 and
Table 5.2. It is a Euro 5 diesel engine that fuels with conventional diesel oil.
PCCI fuel injection strategy is the late injection type and is obtained only at
low load (about 2 bar, where in the F1C PCCI it could achieve 8 bar).
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Table 5.1: Main specifications of the F1C engine

Engine type 3.0L diesel direct injection
Displacement 2998cm3

Bore x stroke 95.8 mm x 104 mm
Compression ratio 14.6
Valves per cylinder 4
Turbocharger Single stage with VGT
Fuel injection system Common Rail solenoid injectors
EGR system type Short-route cooled EGR

Figure 5.1: Schematic of the F1C engine.

With regard to the in cylinder gas pressure signal collecting method, a
piezoelectric transducer featuring a high frequency has been mounted. It has
been installed on the engine cylinder head and then fitted into a glow plug
adapter. Another piezoresistive type pressure transducer has been placed in
the intake manifold in order to reference the captured in-cylinder pressure with
respect to the absolute one (pegging). The tested working points have been
selected in order to represent the typical vehicle driving conditions along NEDC.
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Table 5.2: Main specifications of the A20DTR engine

Engine type 2.0L Euro 5
Displacement 1956cm3

Bore x stroke 93.0 mm x 90.4 mm
Compression ratio 16.3
Valves per cylinder 4
Turbocharger Twin-stage with valve actuators and WG
Fuel injection system Common Rail piezo indirect acting injectors
EGR system type Short-route cooled EGR

Figure 5.2: Schematic of the A20DTR engine.

The selected key points have been represented as speed n (rpm) and bmep

(bar): 1400x3 for single injection strategy tested with F1C, 1500x5, 2000x2,
2000x5, 2500x8 and 2750x12 for multiple injection tested with A20DTR. As
fas as the combustion noise evaluation method is concerned, AVL concerto
commercial software has been applied with the input of the captured absolute
in-cylinder pressure transients on the basis of the classic procedure [116, 117].
The measured pressure signal is needed to be processed preliminarily with a
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low-pass type filter which features 5 kHz cut-off frequency in order to remove
the pressure sensor installation effect. A fast Fourier transform function is
then applied to the filtered pressure signal for the aim of evaluating the sound
pressure level, namely SPL. The one-third octave band analysis has been
selected in the combustion noise calculation. The frequency values have been
split into different bands and within each band the obtained power spectral
values are summed up and then redistributed to the corresponding center
frequency. By considering the noise radiated from the engine due to the in-
cylinder pressure variation, a transfer function which stands for the engine block
attenuation has been applied. Moreover, the human ear sensitivity has also
been taken into account during the calculation and the obtained combustion
noise is measured in A-weighted dB.

5.2 In-cylinder pressure processing
During the combustion, the change in the in-cylinder pressure is due to

the combustion event, the cylinder reciprocating movement as well as heat
exchanges. With regard to the pressure rise due to the volume change and to
the heat transfer from charge-to-wall, the change from pi−1 to pi−1 during the
crank angle interval between θi−1 and θi (θ = ω × t + θ0 ) has been evaluated as
a polytropic process based on the Rassweiler and Withrow theory [118, 119]:

pi =

pi−1[Vi−1/V (θi)]mc θi ≤ θT DC

pi−1[Vi−1/V (θi)]me θi > θT DC

(5.1a)

where mc and me refer to the polytropic exponents with regard to the
compression and expansion strokes, respectively. The values of the exponents
have been obtained by average values based on the pressure and volume data
without the presence of the combustion. The polytropic pressure p has been
considered as the motored pressure trace, namely pmot, for the current study.

By subtracting the motored pressure pmot from the in-cylinder pressure
trace measured by the pressure sensors, namely pcyl, the pressure difference
∆pcomb could be obtained:

∆pcomb(θi) = pcyl(θi)−pmot (5.2)
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Figure 5.3: ∆pcomb, pmot and pcyl versus θ distributions (bmep = 3 bar and n =
1400 rpm).

The working condition with bmep = 3 bar and n = 1400 rpm has been
analysed with regard to the ∆pcomb, pmot and pcyl and the result has been
shown in Fig. 5.3.

5.3 Time-frequency analysis
By applying the time-frequency analysis to the signals, both time and

frequency domains are considered as mentioned in Chap. 4. The evaluated
spectrum could be used to detect the changes of a transient signals. The
captured raw in-cylinder pressure signal pcyl needs to be pre-processed by
applying a selected filter in order to remove the spurious pressure fluctuations
due to the pressure transducer installation. With regard to the filter, a low
pass filter type featuring a 5 kHz cutting frequency has been applied. The
combustion noise analysis has been carried out by evaluating the in-cylinder
pressure signal based on the Choi-Williams distributions by considering the
time-frequency analysis. The Choi-Williams distributions characterize the
energy conservation properties pertaining to the time and frequency marginals
which could preserve the physical meaning. The introduction of the kernel is
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aimed at reducing the interference problems [120]. A common selection for the
kernel is the Gaussian function [121]:

φ(τ,ν) = e−(2πτν)2/σ (5.3)

In Eq. (5.3), the width of kernel is adjusted by the parameter σ. The time
dependent autocorrelation function of the in-cylinder pressure signal pcyl(t) is
performed as follows [122]:

R(µ,τ) = pcyl(µ+ τ

2)pcyl(µ− τ

2) (5.4)

The Choi-Williams is then calculated in the Fourier transform:

CW (ν, t) =
Ú +∞

−∞
e−j2πντ

Ú +∞

−∞

1ñ
4πτ2

σ

e
(µ−t)2

4τ2/σ pcyl(µ+ τ

2)pcyl(µ− τ

2)dµ

dτ

(5.5)
A time window function h(τ) can be applied to the integrand of Choi-

Williams distribution in order to diminish the asynchronous cross-term interfer-
ence. Moreover, another window function g(t −µ) is selected to constrain the
signal portion to be analysed based on the frequency domain [123]. The modi-
fied Choi-Williams distribution by applying two window functions is defined as
the smoothed Choi-Williams (SCW ) with the following equation:

SCW (ν, t) =
Ú +∞

−∞
e−j2πντ [

Ú +∞

−∞
h(τ)g(t−µ) 1ñ

4πτ2
σ

e
(µ−t)2

4τ2/σ

pcyl(µ+ τ

2)pcyl(µ− τ

2)dµ]dτ

(5.6)

There are different types of window functions to be selected and performed.
In the present study, for both the time smoothing window function h and the
frequency window function g, the Hanning window defined as following has
been chosen:

wH(n) = 0.5(1− cos(2π
n

N
)),0 ≤ n ≤ N (5.7)

where n is the discretized time instant along the window and N refers to the
window support. The Hanning window is a continuous function and the center
is placed at point N/2. In this way the window does not produce the spurious
high frequencies components into the signal frequency aspect. The resolution
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of the time domain is decided by the window temporal extension. Based
on Heisenberg’s uncertainty principle [124], there is a compromise between
the time and frequency resolution. To be specific, a reduction in the time
window length leads to a better frequency resolution but to a lower time
resolution while a narrow frequency window results in a higher time resolution
but with more uncertainty in the frequency domain. Therefore, special attention
should be paid during the Choi-Williams distribution evaluation. In order to
obtain the expected performance, the parameters of the window type with
regard to the time support h and frequency content of window g needs to
be considered carefully. The energy density spectrum, which referring to
the frequency marginal of the smoothed Choi-Williams distribution of the
in-cylinder pressure, has been obtained by integrating SCW (ν, t) over time at
a specific frequency ν:

PCW (ν) =
Ú +∞

−∞
SCW (ν, t)dt (5.8)

As far as the combustion noise (Cn) is concerned, the sound pressure level
has been considered by splitting the energy into different bands with a one-third
octave bandwidth referring to the method explained in [79]. Afterwards, the
energy Ei in each band interval could be obtained through the integral of PCW

over the frequency domain:

Ei =
Ú νi+1

νi

PCW (ν)dν (5.9)

where νi and νi+1 represent the extreme frequency values of the i-th band.
The sound pressure level pertaining to the i-th band, namely SPLi, is evaluated
according to the logarithmic formula [125]:

SPLi = 10log(Ei/p2
ref ) (5.10)

where pref is the reference pressure with respect to the human hearing
threshold at 1 kHz and it equals to 20 µPa.

The effective sound pressure level (SPLf i
) has taken into account the

two filters which stand for the engine block attenuation and human ear [126].
Finally, the overall combustion noise, namely Cnov [dB], evaluated through the
three on-third octave bad levels is obtained [127]:
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Cnov = 10log(
Ø

i

10SPLfi

10 ) (5.11)

In order to evaluate the generated combustion noise based on the time
domain during the combustion event, Eqs. (5.10) and (5.11) need to be
reapplied at each time instant by performing the time marginal energy density
of smoothed Choi-Williams distribution:

Ėi(t) =
Ú +∞

−∞
SCW (ν, t)dν (5.12)

In Eq. (5.10), Ei has been replaced with Ėiin order to obtain the instanta-
neous sound pressure level:

˙SPLi(t) = 10 1
Ei × ln 10

˙Ei(t) (5.13)

By considering the engine block and human hearing perception, the effective
sound pressure level with respect to time, that is ˙SPLfi

(t), is obtained. There-
fore, the instantanous combustion noise Ċn(t) [dB/ms] could be calculated
based on Eq. (5.11). The combustion noise contribution of different combustion
phases is then evaluated through the integration of Ċn(t) along time period
and by applying one coefficient k which is obtained from the combustion noise
experimental data:

Cnj =
Ú tj+1

tj

˙Cn(t)dt×k (5.14)

where j represents a specific combustion phase that its duration from tj to
tj+1.

5.4 Mean instantaneous frequency
In order to detect each combustion phase occurred during the combustion,

the mean instantaneous frequency (MIF) concept has been performed [118, 93].
This technique could provide the physical representation pertaining to the
qualitative analysis as already mentioned in Sect. 4.2.1. With the input signal
selected as the in-cylinder pressure signal, the significant time instants related
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to the combustion could be identified. Firstly, the short-time Fourier transform
(STFT) should be performed to the pressure time history pcyl(t):

Fl(ν, t) =
Ú +∞

−∞
pcyl(t)h(t− τ)e−j2πντ dτ (5.15)

It should be noted that the window function h shown in the Eq. (5.15)
is the same as the one chosen for the Choi-Williams distribution, that is the
Hanning window function.

Fl(ν, t) squared is defined as the signal spectrogram Pf :

Pf (ν, t) = |Fl(ν, t)|2 (5.16)

The probability density function of the instantaneous frequency ν̄(t) is
evaluated based on the function Pf :

ν̄(t) = 1s +∞
−∞ Pf (ν, t)dν

Ú +∞

−∞
νPf (ν, t)dν (5.17)

With the aid of the calculated mean instantaneous frequency ν̄(t), the input
pressure signal variation from the spectral content aspect could be detected. To
be specific, the important time instants occurred during the combustion events,
such as injection, spray vaporization, ignition and the following combustion
process, could be identified by analysing ν̄(t) trace. The first derivative of ν̄(t),
namely ν̄ ′(t), is obtained by means of a finite difference formula.

5.5 Validation
The acoustic localization and multiple microphone array techniques have

not been carried out in the proposed methodology. Generally speaking, the
time-frequency analysis is able to provide a qualitative result and a scaling
factor is required when considering the quantitate analysis. In the current
research, the instantaneous combustion noise pattern has been scaled with
respect to the global noise value based on the classic procedure explained
in Sect. 5.1 in order to provide a correct combustion noise value after the
integration process.

In Sects. 5.3 and 5.4, the methodology to obtain the combustion noise and
mean instantaneous frequency has been presented and this has been validated
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Figure 5.4: The tested linear chirp signal.

in order to verify its veracity and reliability. A linear chirp signal which has a
linearly increasing amplitude defined in Eq. (5.18) has been tested:

y(t) = t× cos(2πf(t)× t) (5.18)

where the theoretical frequency f(t) is expressed as f(t) = f(t=1)−f(t=0)
2T t+

f(t = 0) and T refers to the time period. The chirp signal has been shown in
Fig. 5.4.

The validation results pertaining to the frequency and the normalized in-
stantaneous combustion noise of the selected chirp signal have been shown in
Fig. 5.5. The upper figure, which corresponds to the frequency, has demon-
strated that the mean instantaneous frequency ν̄(t) evaluated from Eq. (5.17)
(plotted in solid line) is almost overlapped with the theoretical frequency f(t)
(plotted in symbols). The lower figure shows the comparison with regard to
the instantaneous combustion noise Ċn(t). The theoretical approach to cal-
culate Ċn(t) for the linear chirp signal is derived from the cosinusoidal wave
featuring a specific frequency f(t) at each time instant which is the same as
the chirp signal. The presented validation test, results displayed in Fig. 5.5,
show that the methodology based on the time-frequency analysis could achieve
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Figure 5.5: Validation of ν̄(t) and the normalized Ċn(t) of a linear chirp signal.

reliable prediction in terms of mean instantaneous frequency and the normalized
instantaneous combustion noise.

In the literature review, which focusing on the combustion noise evaluation,
the in-cylinder pressure signal pcyl has been more selected as the input parameter.
Nevertheless, the presented time-frequency analysis shown in Sects. 5.3 and
5.4 appears to demonstrate that the pcyl pressure signal does not lead to a
reliable instantaneous combustion noise Ċn(t). An example with regard to the
instantaneous combustion noise pertaining to a single injection (bmep = 3 bar
and n = 2000 rpm) is shown in Fig. 5.6. Three different pressure signals, in-
cylinder pressure pcyl, combustion pressure signal ∆pcomb and motored pressure
pmot, have been applied in the presented methodology in order to calculate
Ċn(t). The in-cylinder pressure signal pcyl(t) is composed of the ∆pcomb

and the polytropic pressure signal p. When a multicomponent signal which
features time varied frequency, that is, pcyl(t), has been processed with the
Choi-Williams distribution, the perfomance is bad due to the specific feature of
the kernal. When a small τ is applied, the kernal value is then small and the
information from the autocorrelation function pcyl(µ+ τ

2 )pcyl(µ− τ
2 ) is not fully

considered. The loss of this information results in the poor resolution of the
Choi-Williams distribution when it has been applied to study the characteristics
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Figure 5.6: Instantaneous combustion noise evaluated from pcyl, ∆pcomb and p for a
single injection (bmep = 3 bar and n = 2000 rpm).

of the signal. This explains the inconsistencies appeared in the Ċn(t) plot
pertaining to in-cylinder pressure, shown in Fig. 5.6, that reveals a negative
trend from θ ≈ 355 ◦CA to θ ≈ 362 ◦CA. In this way, the chosen pressure
signal for the time-frequency analysis should be ∆pcomb and the procedure
shown in Sect. 5.3 needs to repeated with the input signal as ∆pcomb. The
corresponding instantaneous combustion noise is therefore named as Ċn∆p(t)
and the contribution is referred to as Cn∆p.

The FFT analysis has been further performed for the validation process
in the frequency domain. The obtained sound pressure level value from Eq.
(5.10) is compared with respect to the one derived from the FFT. The previous
introduced linear chirp signal and an engine working point in terms of bmep =
3 bar and n = 2000 rpm (F1C engine) have been selected for the validation. In
Figs. 5.7 and 5.8, the results obtained from the classic procedure (described in
Sect. 5.1) have been displayed in the solid bar and the hatched bar represents the
result evaluated from the proposed time-frequency analysis method. Although
the small differences have been detected due to the inaccuracy introduced by
the smoothing window functions h and g, the innovative method to achieve
the combustion noise is able to reach a reliable result.

5.6 Single injection result
A single injection under bmep = 3 bar and n = 2000 rpm has been reported

in Fig. 5.9. In the plot, the filtered in-cylinder pressure pcyl, the calculated
motored pressure pmot, the injected flowrate Ginj measured at the hydraulic
rest rig, the mean instantaneous frequency ν̄(t) and its first derivative ν̄ ′(t),
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Figure 5.7: One-third octave bands pertaining to the chirp signal.

Figure 5.8: One-third octave bands pertaining to one operating point (bmep = 3 bar
and n = 2000 rpm).

the instantaneous combustion noise Ċn∆p(θ) evaluated based on ∆pcomb have
been demonstrated. Besides, a three-zone diesel combustion diagnostic tool
presented in [128] has been applied to pcyl and Ginj in order to obtain HRR

and xb time histories.
At the beginning (θ ≈ 340 ◦CA), ν̄(θ) starts to slowly increase since the

fuel has been injected into the engine cylinder. The latterly decrease in ν̄(θ),
located at θ ≈ 346 ◦CA, is due to the fuel evaporation process and this leads
to a local minimum point 1 where ν̄ ′(θ) equals to zero. The considered fuel
injection strategy is an early PCCI strategy which the advance fuel injection
timing is occurred during the piston compression stroke (SOI ≈ 340 ◦CA) and
under low load. In this way the cool flames are presented during the combustion
and the local minimum value of ν̄(θ), indicated as point 1, identifies the start
of the cool flames and ν̄(θ) starts to grow with the combustion process. As far



84 Time-frequency analysis application to combustion noise in CI engines

Figure 5.9: Single injection (bmep = 3 bar and n = 2000 rpm).

as the HRR pattern has been concerned, an obvious heat has been released
during the cool flames period and the peak is reached at θ ≈ 354 ◦CA. The
cool flames are finished when ν̄(θ) achieves the maximum value at point 2 and
the corresponding ν̄ ′(θ) decreases into zero. Starting from point 3, ν̄(θ) starts
to increase rapidly and this is related to the start of combustion (SOC) taken
place in the premixed combustion phase. It lasts until ν̄ ′(θ) reaches the local
minimum value, namely point 4. And from then on, ν̄(θ) starts to drop and
ν̄ ′(θ) rises, which means the diffusive combustion phase starts to go on. The
end of combustion is detected according to xb = 0.95 and it is indicated as
point 5 where is located around θ ≈ 415 ◦CA.

The corresponding smoothed Choi-Williams distribution SCW (ν,θ) has
been plotted in a 3D version in terms of time (crank angle θ) and frequency
(ν) and the result is displayed in Fig. 5.10. It has been shown that SCW (ν,θ)
differs from zero only during the combustion period that lasts from θ ≈ 350 ◦CA
to θ ≈ 450 ◦CA and during the premixed combustion stage a significant bump
is taken place. As far as the frequency content of the physical phenomenon
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Figure 5.10: Normalized smoothed Choi-Williams distribution (bmep = 3 bar and
n = 2000 rpm).

has been concerned, it never exceeds 3 kHz. Based on the plot, the integration
of the instantaneous combustion noise Ċn∆p(θ) in terms of ν is realized by
transecting the considered distribution in Fig. 5.10 with a constant θ plane.

The contributions of ∆pcomb generated combustion noise with regard to
different combustion stages to the coverall one have been achieved through
the integration of the instantaneous combustion noise Ċn∆p(θ) along the time
domain (crank-angle). In Table 5.3, the results have been presented.

As can be seen from Fig. 5.9, the instantaneous combustion noise Ċn∆p(θ)
starts to increase since SOI when ∆pcomb differs from zero. The rising rate of
Ċn∆p(θ) pertaining to the premixed combustion phase is relatively high as the
result of the suddenly increased in-cylinder pressure pcyl. The rest contribution
is given by the on-going diffusive combustion phase while Ċn∆p(θ) starts to
slowly decrease into the null value. According to the results shown in Table 5.3,
the premixed combustion phase shares a dominant contribution to the total
combustion noise related to ∆pcomb because of its rapid and unsteady process,
and secondly, the diffusive combustion phase which has the longest duration,
and the last is the cool flames.
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Table 5.3: Combustion noise subdivision(bmep = 3 bar and n = 2000 rpm)

Combustion stage Cn∆p [dBA]
Cool flames (1-2) 3.5
Premixed phase (3-4) 44.5
Diffusive phase (4-5) 22.4

It should be noted that the above interpretation and discussion concerning
the combustion stages detections and the combustion noise contributions have
been dedicated to the single injection PCCI strategy. They are also applicable
to the medium working points. The same quantities shown in Figs. 5.9 and
5.10 have been plotted again in Figs. 5.11 and 5.12 with regard to a working
point bmep = 7 bar and n = 2000 rpm. The combustion noise contribution of
each phase to the overall one Cn∆p is also presented in Table 5.4.

The methodology to identify each combustion stage is the same as those
applied in Fig. 5.9. Under this high load working condition, the cool flames still
occurs before the premixed phase due to SOI is taken place early during the

Figure 5.11: Single injection (bmep = 7 bar and n = 2000 rpm).
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Figure 5.12: Normalized smoothed Choi-Williams distribution (bmep = 7 bar and
n = 2000 rpm).

compression phase. The hot stage of the combustion process, that is premixed
phase, releases a large amount of heat in a considerably short duration and
this generates a maximum value of instantaneous combustion noise Ċn∆p(θ).
During the latter part of the combustion, a mixing-controlled tail is presented
and the generated combustion noise slowly reduces. It lasts for a relatively long
time but results in a low level of combustion noise. Similarly, the premixed
combustion stage gives the biggest contribution to the overall combustion noise
while the cool flames contribution is not inappreciable.

Table 5.4: Combustion noise subdivision(bmep = 7 bar and n = 2000 rpm)

Combustion stage Cn∆p [dBA]
Cool flames (1-2) 6.6
Premixed phase (3-4) 62.2
Diffusive phase (4-5) 10
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5.7 Double injections low load condition
Figs. 5.13 and 5.14 correspond to a double injections strategy featuring

the dwell time DT ≈ 1600 µs. The operating point is bmep = 2 bar and
n = 2000 rpm with a low temperature combustion strategy that the main
injection is taken place after TDC.

In order to lengthen the ingintion delay, a high portion of EGR has been
applied which equals to xEGR ≈ 47%. As a result, a highly premixed combustion
happens, as the combustion process pertaining to each injection shot begins
when the corresponding injection has been finished. Indeed, positive ignition
dwell are formed for both pilot and main injections and the fuel has been
burned mostly under premixed combustion phase. As far as pilot combustion is
concerned, it features a two-stage combustion with cool flames and hot ignitions.
The evaporation of the pilot injected fuel decreases ν̄ ′(θ) and when the value of
ν̄ ′(θ) reaches a local minimum the combustion starts. The time instant where
ν̄(θ) equals to zero, namely point 1, indicates the beginning of the primary

Figure 5.13: Double injection (bmep = 2 bar and n = 2000 rpm).
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Figure 5.14: Normalized smoothed Choi-Williams distribution (bmep = 2 bar and
n = 2000 rpm).

stage pertaining to the pilot combustion, that is cool flames. An unnoticeable
heat has been released during this combustion stage and it finishes when ν̄ ′(θ)
reaches back again to zero (point 2). The secondary combustion stage of the
pilot combustion refers to the hot flames and it begins from point 3 where a
local minimum ν̄(θ) value is reached. The overall ignition delay is defined on
the basis of point 3 since it refers to SOC. After that, the diffusive combustion,
also named as pool flames, begins at the inflection point of ν̄(θ) (point 4). The
diffusive combustion of the pilot injection continues until ν̄ ′(θ) increases up
to a local maximum value which is point 5. Meanwhile, the fuel evaporation
pertaining to the main injected fuel starts and it leads to an increasing phase
of ν̄ ′(θ). At around θ ≈ 372 ◦CA, ν̄ ′(θ) equals to zero and ν̄(θ) reaches the
local minimum value, it indicates the SOC of main combustion. The main
combustion process is composed of two stages, that are premixed and diffusive
combustion. The separation of these two phases has been detected by point
7 when ν̄ ′(θ) reached the minimum value. The end of diffusive combustion is
defined on the basis of xb same as the single injection condition.

As shown in Fig. 5.13, the intensive premixed combustion results in a
larger combustion noise than in Fig. 5.9. Two significant peaks could be
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observed in the instantaneous combustion noise pattern in Fig. 5.13 under the
pilot-main injection schedule. It is also in line with the two bumps detected
in the smoothed Choi-Williams distribution shown in Fig. 5.14. The first
remarkable increase is due to the pilot premixed combustion phase while the
latter one is caused by the main premixed phase.

The split of the overall combustion noise Cn∆p has been evaluated and
reported in Table 5.5. It could be concluded that the dominant contribution
to the total combustion noise is the main premixed phase, then the pilot hot
flames. The diffusive phases pertaining to the pilot and main combustion
generate small portions of combustion noise while the cool flames occurred
during pilot combustion makes the lowest contribution.

5.8 Double injections medium load condition
Another pilot-main double injection working point (bmep = 8 bar and

n = 2500 rpm) has been analysed and analogous variables as in Figs. 5.9,
5.11 and 5.13 have been plotted in Fig. 5.15. Under this case, during the
pilot injection no cool flames have been presented due to the sufficient high
in-cylinder pressure and temperature, not like the situation in Fig. 5.13. In
this way, the HRR pattern exhibits a single-stage ignition pertaining to the
pilot combustion. After the fuel is injected during the pilot shot, ν̄(θ) tends
to decrease due to the evaporation process and this reaches a local minimum
value, indicated as point 1.As soon as the pilot combustion starts, the HRR

curve shows positive value. Zero value of ν̄ ′(θ) indicates the starting point
of the pilot combustion and it is point 1 in Fig. 5.15. A high pressure rise
rate is presented in ν̄(θ) since the premixed combustion phase is occurred for
pilot combustion. The latter stage, that is the combustion with pool flames,
begins from point 2 and ν̄(θ) tends to be stable. This stage continues until

Table 5.5: Combustion noise subdivision(bmep = 2 bar and n = 2000 rpm)

Combustion stage Cn∆p [dBA]
Pilot cool flames (1-2) 5.9
Pilot hot flames (3-4) 17.9
Pilot pool flames (4-5) 9.6
Main premixed phase (6-7) 30.7
Main diffusive phase (7-8) 7.2
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ν̄ ′(θ) reaches the minimum value, indicated as point 3. The subsequent further
reduction of ν̄(θ) is caused by main injected fuel evaporation. With regard to
the main injection, the starting time is detected by examining the minimum
value in ν̄(θ) or the zero point of ν̄ ′(θ) which is indicated as point 4. Two
combustion stages have been presented in the main combustion event. The
premixed combustion results in a rapid increasing phase in ν̄(θ) during the
period between θ ≈ 365 ◦CA to θ ≈ 368 ◦CA and the starting and end point
have been detected through ν̄ ′(θ): zero value indicated as point 4 and the local
minimum value point 5. During the latter diffusive combustion phase, ν̄ ′(θ)
continues to decrease and the combustion ends when xb = 0.95, indicated as
point 6. Similarly, as in Fig. 5.14, two bumps could be notices in the 3D plot
of the smoothed Choi-Williams distribution displayed in Fig. 5.16. The first
peak is related to the pilot combustion and the latter one refers to the main
combustion event.

Figure 5.15: Double injection (bmep = 8 bar and n = 2500 rpm).
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Figure 5.16: Normalized smoothed Choi-Williams distribution (bmep = 8 bar and
n = 2500 rpm).

Based on the information derived from ν̄(θ) and ν̄ ′(θ), different combustion
stages have been identified as have shown above and then by evaluating the
corresponding combustion noise. The results have been summarized in Table
5.6. There are two significant growing phases of the instantaneous combustion
noise Ċn∆p(θ) occurring from θ ≈ 354 ◦CA to θ ≈ 350 ◦CA and θ ≈ 365 ◦CA
to θ ≈ 380 ◦CA which correspond to the premixed phases pertaining to the
pilot and main injections. Finally, the instantaneous combustion noise Ċn∆p(θ)
starts to gradually reduce into zero during the diffusive combustion stage. Based
on the result shown in Table 5.6, it could be inferred that the main premixed
combustion stage shares the biggest contribution to the overall combustion noise
and this could be explained by its characteristics. The pilot premixed flames
and the main diffusive combustion stage also generate remarkable proportions
of combustion noise since they undergo a long period. Although the heat
released by the pilot pool flames is relatively small, the generated combustion
noise is not negligible.
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Table 5.6: Combustion noise subdivision(bmep = 8 bar and n = 2500 rpm)

Combustion stage Cn∆p [dB]
Pilot premixed (1-2) 15.4
Pilot pool flames (3-4) 13.9
Main premixed phase (4-5) 38.6
Main diffusive phase (5-6) 15.7



Chapter 6

Conclusions

6.1 Overview
In this work, different topics with regard to the diesel engines have been

investigated. The diesel Common Rail system control has been carried out
with the aid of a fully developed numerical model which is integrated with the
proportional-integrative-derivative (PID) controller and the pressure control
valve submodels. The parametric analyses on the PID controller has been
studied under different engine working conditions. Moreover, the effect of the
accumulator size on the rail pressure time history has been carried out and it
suitable solutions for a fuel injection system without rail have been determined.
With regard to the fuel injection system architectures, an innovative Common
Feeding (CF) fuel injection system with the absence of rail has been developed
for light duty commercial vehicle. Numerical and experimental tests have
been performed with different accumulator volumes integrated at the pump
delivery for various injection strategies. Then, the injected quantity control
strategy based on time-frequency analysis has been carried out. By analyzing
the injector inlet pressure signal with the short time Fourier transform, the
injection temporal length (ITL) has been obtained. Therefore, a correlation
based on ITL and the rail pressure can be used, that is independent on
the fuel temperature. Finally, the instantaneous combustion noise has been
assessed based on the time-frequency analysis technique. The input parameter
is the in-cylinder pressure signal, measured on a Euro 5 diesel engine during
the combustion process, and the quantitative contribution pertaining to the
different combustion phases can be evaluated.
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6.2 Results and discussion

6.2.1 CR injection apparatus modelling and analysis for
the standard and decreased volume sizes

In Chap. 2, the submodels of the PID controller and the pressure control
valve have been accessed and integrated in a previously prepared CR fuel injec-
tion system model. The fully predictive model has been validated with various
steady state working conditions in terms of rail pressure and injected flowrate
traces. The transient working conditions have been applied to the injection
system in order to analyse the dynamic response of the presented pressure
control system. The effect of the proportional, integrative and derivative gains
on the system response have been studied. In general, a larger integrative
gain gives a faster system response but results in a bigger pressure overshoot.
When the pressure target is reached, the amplitude of the pressure oscillations
tends to decrease by applying a higher value of Ki. When Kp increases, the
settling time and the overshoot decreases but a bigger pressure oscillation under
stable condition is occurred. Based on the study, Kp should be responsible
for the overshoot amplitude control and Ki should be adjusted to reach an
optimized steady-state error. As far as the derivative gain has been concerned,
its effect on the pressure control during the transient working condition is
negligible and it could be set to Kd = 0. Moreover, when the accumulator
size is significantly decreased into 2.5 mm3, the influence of the accumulator
size on the rail pressure has been investigated. It has been found that the
large reduction in Vrail is not helpful for the system pressure response under a
pressure step transient condition. Compared with a bigger Vrail, prail begins
to increase more steeply at the beginning but later the pressure rise rate starts
to decrease. By modifying the PID parameters, the Minirail layout could
reach the same dynamic response as the standard one during the pressure step
transient but the performance can not be enhanced. The aim is to investigate
the possibility of the realization of a fuel injection system without rail layout.
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6.2.2 Application of a prototypal Common Feeding in-
jection system

In Chap. 3, an innovative Common Feeding fuel injection system which
is benefit from the easier installation process and lower manufacturing cost
has been achieved for the Asian market. The proposed apparatus has been
compared with the standard Common Rail system in order to analyse the
injection performance under single and double injections strategies. With
regard to the single injections, no noticeable difference has been observed
between the two layouts when a small quantity has been injected. For a big
injection, a smaller accumulator size generates a bigger pressure drop at the
beginning since it is not able to maintain the average pressure during the
injection event. In this way ECU has been adjusted to control the mean rail
pressure and the initial pressure when the injection is not performed is much
higher for a smaller accumulator size for the aim of compensation. It leads
to a higher initial injection rate and a minor change has been found in the
injector characteristics. Moreover, the frequency of the pressure oscillation has
been changed since the accumulator shape has been modified. For a smaller
Vrail, the cycle-to.cycle dispersion pertaining to the injected quantity increases
but still in an acceptable range. Regarding to the double injections, for the
pilot-main injections, the injector inlet pressure traces of different rail sizes
layouts show similar trends when the pilot injection is not performed. The
main injected mass is influenced greatly by the generated pressure waves due
to the pilot injection, and the Vinj,main vs DT features the same fluctuation
frequency as the one in the standard layout. Analogous performance has been
shown for the main-after injections. The performance simulation has been
realized by applying a 1D numerical model. Based on the modelling result,
when the rail volume size is reduced, the needle lift value is bigger and the
opening velocity is augmented, the injection duration is longer. With regard to
pilot-main injections, the main injected quantity tends to increase for a smaller
accumulator size and it could be explained by the higher pressure existing in
the delivery chamber.
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6.2.3 Closed-loop control strategy of injected mass on
the basis of time-frequency analysis

In Chap.4, a closed-loop control working on the fuel injected quantity has
been carried out and realized. The presented control algorithm provides the
development on achieving a cleaner and more efficient diesel engine. The
injected mass has been real-time estimated on the basis of the time-frequency
analysis applying on the captured injector inlet pressure signal. Single injections
tests have been performed with this methodology to verify its reliability. Firstly,
the thermal regime of the injector influence on the injected quantity has been
studied by applying same working point under different Ttank. It has been
discovered that the ITL value is responsible for the different injection rate
patterns when Ttank varies. As a result, the injected mass could achieve a more
accurate estimation based on the correlation between pnom and ITL instead of
ET . A TFA -based virtual sensor of the needle lift has been developed and
designed for the estimation of the ITL. ITL has been computed through the
two time instants identified from the MIF trend pertaining to the injector
inlet pressure. After the energizing current, the first maximum value of MIF

refers to the nozzle opening and it is defined as the starting time instant of
the injection. The ending time instant could be detected by the maximum
local value of MIF and it is explained by the induced water hammer effect
when the injection is finished. The time duration between the starting time
and ending time instants gives the injection duration, that is the estimated
ITLest. By applying the correlation in terms of the nominal pressure and
ITLest, the injected mass could be estimated and the procedure has been
applied to an extended working points in order to check its accuracy. Based
on the single injections result, it could be observed that the accuracy of the
presented methodology aiming for estimating the injected mass features an
error below 1.5 mg and the majority of the considered points are within 1
mg. The error of the injected mass estimation is given by two aspects: one
corresponds to the ITL−Minj correlation and the other is to the inaccuracy of
ITLest. The proposed algorithm could be implemented in the control system
in order to control the injected mass pertaining to the single injection or to the
pilot injection or to an after injection of the multiple injection strategy.
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6.2.4 Time-frequency analysis application to combustion
noise in CI engines

In Chap. 5, time-frequency analysis has been applied to the ∆pcomb pressure
trace for the analysis of the combustion noise. With the aid of the mean
instantaneous frequency information, the combustion noise evaluated on the
basis of TFA is able to provide a detailed information related to the combustion
process. The mean instantaneous frequency and its derivative have been applied
to detect the combustion phases and the direct combustion noise contribution
generated by ∆pcomb with regard to the corresponding phase could be evaluated
in order to provide a quantitative analysis in time domain. Choi-Williams
distribution has been plotted as a function of time and frequency in 3D version
and the combustion noise trend could be observed. The presented ˙CN∆p

analysis has been implemented to an early PCCI engine which features a
big combustion noise. Single injections strategy has been performed: based
on the results shown by time-frequency analysis, the cool flames generate
a noticeable combustion noise although it releases a nearly negligible HRR.
Analogous phenomena is presented for higher load working points for an early
fuel injection timing. The dominant contribution to the total combustion noise
is given by the premixed stage since a significantly high HRR has occurred
under a short period. The latter stage, that is diffusive stage, also results
in a noticeable CN∆p (the second in terms of magnitude after the premixed
combustion) because this stage undergoes a long duration. As far as double
injections have been concerned, two bumps could be observed in the 3D
smoothed Choi-Williams distribution plot which are due to the pilot and main
combustion events. The pilot premixed as well as main premixed stage result in
two local peaks in ˙CN∆p. In this way, during these two stages, the high levels
of the direct combustion noise have been generated. As the combustion noise
is also influenced by the combustion duration, a higher value of ˙CN∆p have
been detected when a longer duration is occurred for pool flames and diffusive
stage. A qualitative and quantitate study of the combustion noise could be
obtained from ∆pcomb analysis on the basis of TFA. The presented algorithm
could be implemented for real-time monitoring and also for the combustion
models development and investigation.
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