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Abstract

The production processes of fuel injectors can be significantly improved by a more accurate

positioning control in the assembly of key components by interference fit.

This thesis presents an innovative press-fitting station in the assembly line, that combines a
hydraulic cylinder and a piezoelectric actuator to reach micrometric accuracy in axial
positioning. The hydraulic cylinder permits a long operational range, while the piezo actuator
provides dynamic action and micrometric accuracy. The experimental characterization of the
prototype press is presented together with the physical phenomena influencing the overall
system performance. The tests are done using cylindrical plugs and sleeves to replicate the
insertion of shafts into holes. The test samples are designed and machined to obtain a
predefined interference fit. The classic press-fit assembly process can barely reach
micrometric accuracy because the deformation on the contact surface cannot be measured
easily. The presented new press-fit station can overcome these limits thanks to the developed
advanced control strategy: when the piezo actuator is driven by an amplitude modulated

sinusoidal signal, final positioning of +2 pm is reached insertion forces up to 20 kN.

The remarkable performances obtained using dedicated samples have been then tested for
real components in two different use cases: dry calibration process for GDI injector and

assembly of a solenoid control valve for state of the art common rail diesel injector.

The first is a cleaner process for calibration of GDI injector in the ballistic region, that uses
Nitrogen instead of a liquid working fluid. With this approach a substantially lower error for
the injected quantity in the low quantity region can be accomplished, together with a cheaper

management of an inert gas with respect to the liquid one.

The second application case is an assembly between the pin and the armature of the solenoid
control valve of a common rail diesel injector. The relative position of the armature with
respect to the valve body influences the operational behaviour of the injector during the
transient opening and closing phases. In order to gain a more predictable behaviour of the
fuel injector, needed for upcoming legislative requirements, a high geometric accuracy is

mandatory.

These studies have confirmed the possibilities of the press prototype in real application cases;

thus, the press can be inserted in real industrial process, achieving the scope of the research.
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1. Introduction

1.1. Motivation
The goal of this thesis is to improve the quality of the fabrication processes related to the
production of fuel injectors, chosen as products of interest, by mean of a more accurate
positioning in the assembly of key components by interference-fit. A micrometric positioning
accuracy is currently requested in order to have a more stable and repeatable behaviour of

the injector, really important in low fuel delivery regions.

Most of commercial assembly systems are not able to accomplish this requirement in a robust
and reliable way, leading to more emissions and the necessity to compensate for this
inaccuracies with dedicated learning functions implemented in the Engine Control Unit

(ECU).

The adoption of the developed process can lead to remarkable improvements in the injector’s
production process, fulfilling the tighter requirements needed in order to respect new

emission regulations.

1.1.1. Interference fit assembly processes
In the automotive industry, exist many assembly processes that require a high geometric
accuracy, in the micrometric range; generally, widely used open-loop controllers cannot meet
these requirements. Interference fit, also named press fit or friction fit, provides a stable
fastening between two parts by friction. Interference fit is generally achieved by shaping the
two mating parts so that one part is slightly larger than the other. In general, such an assembly
consist in the insertion of a shaft or a plug inside a hole, with interference. When two parts
are pressed together, the static insertion force is generally considered as the main control
parameter for the pressing process. However, only an approximate value of the insertion force
can be computed beforehand because the friction coefficient is not known with appropriate
accuracy and the assumed constant pressure is altered by the axial force through the Poisson
effect. This difference from the ideal condition causes a non-predictable behaviour of the
inserted part and an associated uncertainty of the process. To develop a new press-fitting
process, it is desirably important to know, what are the main process variables to be managed
and how they evolve during the production process, in order to control the quality of the

products and their conformity to the functional specifications.

~13 ~



Introduction

This work is an intermediate step towards Industry 4.0 and, in particular, to the concept of
Zero Defect Manufacturing, that needs an active integrated quality control. Currently, the
quality controls of the final assembled products are executed at the end of the process, thus
not able to change in relation of modifications of material, geometry or components due to
inaccuracies of the previous production phases. With conventional approach, the quality
control is only a filter and thousands of products might be produced before the detection of
the fault. The solution is to measure continuously the quality of the assembly and monitor

the status, adapting the fabrication process in real time.

1.1.2. Implications in the automotive industries
Press fit is particularly relevant in automotive industry, where many components of the fuel
injection system are realized by interference fit assembly. For these components, interference
fit assembly can be subject to different specifications: in some cases, the final axial position
of the plug with respect to the sleeve is the main feature to keep under control, often down to
micrometric accuracy. In other cases, the functional performance of the assembled
component determines the compliance of the process to the specifications. In components
like fuel injectors or valves, the functional performances that are need to be achieved might
be related to the flow of the fluid across the component: for example, mass or volume flow
rate or pressure drop are the real specifications that is aimed to achieve. Functional
performances of fuel injection system parts are strictly related to engine performance, fuel
consumption, combustion efficiency, pollutant emissions and engine reliability. Since
pollutant emission standards are becoming tighter and tighter with view on absolute numbers
but as well on durability and lifetime performance, the automotive industry is striving to
increase efficiency of the production processes of key sub-systems, including fuel injection
components. Therefore, the assembly tolerances both in the final positioning and in the

functional performance are becoming more and more demanding.

1.2. Research Objectives
The aim of the present research is to improve the mechanical assembly processes for key
components in fuel injection equipment with interference fits. The injectors for internal
combustion engines were chosen as the products of interest, where different assembly

processes are used today to produce these components, depending on the specific application.
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In order to accomplish this aim, the characteristic phenomena that take place during the
insertion of a shaft in a hole, with interference, will be analysed. The focal points that lead to
the inaccuracies will be pointed out and the solutions to overcome these limitations will be
expressed with the realization of an advanced press station prototype. The performances of
the new process will be analysed in two different application cases: in one the main feature
is a fundamental functional performance and more precisely the injected fuel quantity.
Indeed, the proposed dry calibration process for Gasoline Direct Injection (GDI) injectors
combines the press station and a shot-to-shot device, fed with nitrogen. As a second study
case, the assembly of the control valve of a Common Rail (CR) Diesel injector was selected.
For this application, the specifications required a high accuracy over the entire process in

terms of relative position of the inserted parts.

The proof of concept in two different applications depicts the maternity of the advanced

approach for implementation in series production.



2.State of the Art

A literature survey of prior research relevant to the current study is given in this chapter
starting from the framework of emissions regulations and the current technologies employed
in order to have more efficient Internal Combustion Engines (ICE). The second part describes
fuel injectors in more details: functional concept, inaccuracies and the adopted strategies for
the correction of these issues. The last part addresses existing press-fit processes in current

production lines, the theoretical aspects and the characteristic phenomena involved.

2.1. Regulatory Framework Regarding Emissions
2.1.1. From NEDC to WLTC

For obtaining type approval of engine-powered vehicles in the European Union, light-duty
vehicles have to comply with emission limits during standardized laboratory emission
testing. Although Euro 1 — 5 tier emission limits have become more stringent over the past
two decades, in 2008 light-duty vehicles still contributed to the overall NOx emissions of the
EU for 41% [1 — 2]. This share can be substantially higher in urban areas where 16% of the
population is currently exposed to NO» concentrations that exceed given air quality standards.
The European legislator has responded to this situation by introducing more stringent Euro 6
emission limits that have been enforced for light-duty vehicles from September 2014 [3 — 4]

onwards, consisting in a series of tightening steps.

For emission certification of light-duty vehicles (LDVs) various driving cycles and type-
approval test procedures are employed around the world [5] that differ in their ability to
statistically represent the real-world conditions and diversity. For example, the New
European Driving Cycle (NEDC) is used for the certification of European emission standards
up to EU-6.1; it is a modal driving cycle that consists of four repeated urban driving
sequences (ECE-15 cycles) and one extra-urban driving portion (EUDC). The entire cycle
covers a distance of 11.007 km in 1180 s at an average of 34 km/h. The NEDC (Fig. 2.1) is
being used for emission type-approval from Euro 3 and later LDVs in Europe and has been

criticized for not being anymore representative of the real-world vehicle operation nowadays.

~16 ~
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Figure 2.1 - NEDC emission test

Several studies [6 — 8] have shown that actual on-road emissions and fuel consumption can
be substantially higher than values reported during the type approval testing on a chassis
dynamometer in certified testing laboratories. The CADC (Common Artemis Driving Cycle)
represents a real-world simulation driving cycle that aims to characterize average driving
conditions in today’s Europe [9]. Studies have shown that its higher dynamicity resulted also
in higher emissions compared to the NEDC [10]. Furthermore, the emissions of passenger
cars measured over the newly developed Worldwide Motorcycle Test Cycle (WMTC) are
assumed to be closer to real world driving emissions. By recently developed Portable
Emissions Measurement Systems (PEMS) has been also possible to realize on-road emission
tests, that have shown how the current laboratory emission test fails to reliably capture on-
road emissions, especially in the case of NOx for Diesel cars and particulates of gasoline

powered vehicles [11 — 12].
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Figure 2.2 - Gap between on-road vs. laboratory testing (Source: M. Weiss, P. Bonnel, R. Hummer,
N. Steinenger, ”A complementary emissions test for light duty vehicles: assessing the feasibility of
candidate procedures”)

Therefore, despite many objective benefits, the NEDC is increasingly attracting criticism,
some of it justified, that it is no longer representative for the average driving style of a vehicle
or driver. The member states which signed the 1998 treaty of the United Nations Economic
Commission for Europe (UNECE), including all the European countries as well as Japan,
USA, China, Russia and India, therefore decided to develop a new test procedure, the WLTP,
under the auspices of the UNECE. This should be properly representative of the driving style
ofa vehicle anywhere in the world. The automotive industry played a major role in supporting

and advancing this initiative.

The development of the WLTC was carried out under a program launched by the World
Forum for the Harmonization of Vehicle Regulations (WP.29) of the UNECE through the
working party on pollution and energy transport program (GRPE). The aim of this project
was to develop a World-wide harmonized Light duty driving Test Cycle (WLTC), to
represent typical driving characteristics around the world, to have the basis of a legislative
worldwide harmonized type certification test from 2014 onwards. Driving cycles are
produced by different countries and organizations and used to assess the performance of
vehicles, such as pollutant emissions, fuel consumption and traffic impact. There are two
main categories of test cycles: legislative cycles employed in type-approval tests for vehicles

emissions certification and non-legislative cycles mainly used in research. Several
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international harmonized engine dynamometer cycles have been developed for engine
emission certification of heavy-duty and non-road engines (WHSC, WHTC, NRTC). A
worldwide harmonized test cycle has been developed also for motorcycles emissions

(WMTC).

For Light-Duty (LD) vehicles, various vehicle dynamometer test cycles are employed in
type-approval tests for emission certification. Such test cycles are: the NEDC used in Europe,
JCO082 applied in Japan, the UDDS (FTP-75) used in the United States. Each of these driving
cycles has advantages and drawbacks, as the ones highlighted for the NEDC in the previous
paragraphs.

Therefore, when the WLTC project started, it has been agreed to design a new legislative
driving cycle to predict more accurately the exhaust emissions and fuel consumption under
real-world driving conditions. WLTC (Fig. 2.3) was derived from “real world” driving data
from five different regions: EU + Switzerland, USA, India, Korea and Japan covering a wide
range of vehicle categories (M1, N1 and M2 vehicles, various engine capacities, power-to-
mass ratios, manufacturers etc), over different road types (urban, rural, motorway) and

driving conditions (peak, off-peak, weekend).
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Figure 2.3 - WLTC emission test

The WLTC assigned to the highest power mass ratio (PMR) vehicle category (class 3), which
represents the vast majority of European vehicles, is composed by four speed phases (low,
medium, high and extra-high). The WLTC lasts 1800 s, features a more dynamic speed
profile as well as a higher mileage than NEDC. However, the WLTC has the vehicle
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accelerating or decelerating 84% of the time over the whole cycle, with only 13% at idle and
4% at constant cruise driving, while 40% of the NEDC is at a steady state cruise condition,

24% at idle and the remaining 36% is spent accelerating or decelerating.

On the other hand, following concerns over the “real-world” performance of vehicles
approved using the chassis dynamometer test, the European Commission announced in its
CAR 2020 Action Plan that it intends to include an additional test for “Real Driving
Emissions of LDV (RDE-LDV) from the start of the Euro 6 stage, an on-road measurement
using PEMS for gaseous regulated emissions. During a first transitional period, the test
procedures should only be applied for monitoring purposes, while afterwards they should be
applied together with binding quantitative RDE requirements to all new type-approvals/new

vehicles [13].

The concept idea is that throughout its normal life, the emissions of a vehicle type-approved
according to Regulation (EC) No 715/2007 emitted at a RDE test performed, shall not be
higher than the following not-to- exceed (NTE) values:

(1) NTEpollutant = CFpollutant x EURO — 6

where EURO - 6 is the applicable Euro 6 emission limit in Table 2 of Annex I in Regulation
(EC) No 715/2007 and CFpoiuan: the conformity factor for the respective pollutant. The trip
sequence shall consist of urban driving followed by rural and motorway driving that has to

be run continuously.
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Figure 2.4 - RDE emission test
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WLTP test procedure should provide in a method to determine the levels of gaseous and
particulate emissions, CO, emissions, fuel consumption, electric energy consumption and
electric range from light-duty vehicles in a repeatable and reproducible manner, designed to
be representative of real-world vehicle operation. These measurement results shall form the
basis for the regulation of these vehicles within regional type approval and certification
procedures, as well as an objective and comparable source of information to consumers on

the expected fuel/energy consumption.

This theme is particularly important nowadays, since from the end of 2017 the NEDC is
going to be phased-out while WLTC and RDE phased-in, as shown in Fig. 2.5. This is driving
the technological research on ICE more efficient, less pollutant and on emissions reduction

mechanisms, in order to adopt the most effective solutions able to overcome these new

limitations.
Euro 6b Euro 6d Post Euro 6
Year 2015 16 1 2020 21 , 23 2
Emission Limits Euro 6 Stage | Euro & Stage Il Post Euro 6
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Real Driving Emissions

Figure 2.5 - Time frames of the type approval test cycles

2.1.2. Emissions and fuel efficiency of ICE for mobility
As reported by Johnson [14 — 16] engine technology is evolving very rapidly, primarily to
meet the tighter emissions regulations in all the major markets. In light-duty applications, the
future choices to meeting market demands and GHG regulations will continue to drive the
most economical choices, which so far, are engine-based approaches rather than battery-

electric or fuel cell vehicles.
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The most important areas of improvement, all under cost constraints, regard:
e Engine technologies for CO, reduction
e NOx control
e Particulate control
e  Gaseous pollutant control
e Reliability
e Performance

Generally, the technologies used to fulfil these improvements can be divided in three main

categories, usually used at the same time in an ICE:
e Downstream of the cylinder
e Inside the cylinder
e  Upstream of the cylinder

Downstream interventions do not involve directly the combustion process, but target the
exhaust gases by treating them, in order to reduce the pollutant concentration. Upstream
interventions are directly related at the combustion process, in order to prevent the formation

of pollutants acting principally on the air path and on the injection.

Increasing engine efficiency, hence reducing the fuel consumption in addition to reducing
the driving resistance, is the only way to reduce the CO, emissions of cars and other
transportation vehicles driven by internal combustion engines. For this reason, another area
of intervention is friction reduction. Although the useful work loss due to engine friction is
relatively small for modern engines [17], the reduction of all parasitic energy losses,
including friction, remains as a valuable contribution to overall efficiency improvement.
Lubrication and friction play essential roles in energy conservation. There are many moving
parts in an engine. Proper lubrication keeps them in good working order, extends component

longevity, and minimizes energy losses due to friction.

Further solutions for CO; reduction are the concepts of down-sizing and down-speeding.
Downsizing refers to the practice of automotive engineers to reduce the displacement and/or
number of cylinders in an engine. Down-speeding is matching the gearing of the transmission
and differential to the engine, so the engine turns at lower RPM for a given highway speed.
Both these techniques are currently widely used in light-duty gasoline engines to improve

fuel efficiency and reduce both regulated and green-house gas emissions with great success.
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Downsizing can increase fuel efficiency by 20 to 30% and down-speeding can add an

additional 3 to 7%.

2.1.2.1. Downstream intervention
Several devices are installed in the exhaust system, usually mixed for the maximization of
the pollutant reduction. The first one is the catalytic converter, an exhaust emission control
device that converts toxic gases by catalysing a redox reaction (an oxidation and a reduction
reaction). Catalytic converters are used with ICE fuelled by either gasoline or diesel. The
"two-way" converters combine oxygen with CO and unburned HC to produce CO; and H>O.
The two-way catalytic converters were rendered obsolete by "three-way" converters that also
reduce NOx. However, two-way converters are still used for lean-burn engines. This is
because three-way-converters require either rich or stoichiometric combustion to

successfully reduce NOx.
The catalytic converter's construction is as follows:

1. The catalyst support or substrate, usually a ceramic monolith with a honeycomb
structure. Metallic foil monoliths made of Kanthal (FeCrAl) [18] are used in
applications where particularly high heat resistance is required. Either material is

designed to provide a large surface area.

2. The washcoat, a carrier for the catalytic materials used to disperse the materials over
a large surface area. Aluminum oxide, titanium dioxide, silicon dioxide, or a mixture
of silica and alumina can be used. The catalytic materials are suspended in the
washcoat prior to applying to the core. Washcoat materials are selected to form a
rough, irregular surface, which greatly increases the surface area compared to the
smooth surface of the bare substrate. This in turn maximizes the catalytically active

surface available to react with the engine exhaust.

3. Ceria or ceria-zirconia. These oxides are mainly added as oxygen storage promoters.

[19]

4. The catalyst itself is most often a mix of precious metal. Platinum is the most active
catalyst and is widely used, but is not suitable for all applications because of
unwanted additional reactions and high cost. Palladium and rhodium are two other
precious metals used. Rhodium is used as a reduction catalyst, palladium is used as
an oxidation catalyst, and platinum is used both for reduction and oxidation. Cerium,

iron, manganese and nickel are also used, although each has limitations.
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In order to reduce the particulate matter, a filter is installed in both diesel and gasoline
engines, accordingly named Diesel Particulate Filter (DPF) and Gasoline Particulate Filter
(GPF), respectively. GPF are mainly developed to control particulate emissions from GDI
engines that have been increasing in terms of population, driven by CO, and fuel economy
requirements. The emission regulations have set PN (as well as PM) limits for GDI vehicles
that are equivalent to those for diesels; thus, an effective particulate filter is needed. Current
filters are designed to burn off the accumulated particulate either passively through the use
of a catalyst or by active means such as in-cylinder port injection or a fuel burner which heats
the filter to soot combustion temperatures. This is accomplished by engine programming to
run (when the filter is full) in a manner that elevates exhaust temperature, in conjunction with
late post injection, enriching the fuel that reacts with a catalyst element to burn off
accumulated soot in the filter [20] or through other methods. This is known as "filter

regeneration".

NOx control is currently focused on active Selective Catalytic Reduction (SCR), a means of
converting NOx with the aid of a dedicated catalyst into N», and H,O. A gaseous reductant,
typically anhydrous ammonia, aqueous ammonia or urea, is added to the stream of exhaust
gas and is adsorbed onto a catalyst. CO, is a reaction product when urea is used as the
reductant. Pure anhydrous ammonia is extremely toxic and difficult to store safely, but needs
no further conversion to operate within an SCR. Aqueous ammonia must be vaporized, in
order to be used, but it is substantially safer to store and transport than anhydrous ammonia.
Urea is the safest to store, but requires conversion to ammonia through thermal
decomposition, in order to be used as an effective reductant [21]. Using urea as reductant,

the reaction is the following:
4NO + 2(NH)2CO + 02 — 4N; + 4H,0 + 2CO»

The ideal reaction has an optimal temperature range between 630 and 720 K, but can operate
from 500 to 720 K with longer residence times. The minimum effective temperature depends
on the various fuels, gas constituents, and catalyst geometry. SCR catalysts are made from
various ceramic materials used as a carrier, such as titanium oxide, and active catalytic
components are usually either oxides of base metals (such as vanadium, molybdenum and
tungsten), zeolites, or various precious metals. The two most common designs of SCR
catalyst geometry used today are honeycomb and plate. The honeycomb form usually is an
extruded ceramic applied homogeneously throughout the ceramic carrier or coated on the
substrate. Like the various types of catalysts, their configuration features typically advantages

and disadvantages. Plate-type catalysts have lower pressure drops and are less susceptible to
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plugging and fouling than the honeycomb types, but plate configurations are much larger and
more expensive. Honeycomb configurations are smaller than plate types, but have higher
pressure drops and plug much more easily. Catalysts are being characterized further for sulfur
degradation and tolerance. Low temperature performance is enhanced with high catalyst
loadings, enabled by high-porosity substrates. High temperature performance is improved

using higher cell density catalysts.

Lean NOy Traps (LNT) method uses a catalyst [22] which consists of a storage component
and a precious metal supported on Alumina. The reaction takes place in 2 cycles (i.e.) lean
and rich cycle. In the lean cycle, NO is adsorbed onto the storage component and oxidized to
NO2 over the catalyst and stored in the form of nitrate at the surface. In the rich cycle, this
stored NOx is released from the surface and reduced to N2 by HC, CO and H2 generated
from incomplete combustion of fuels over the noble metal catalyst. Though the reactions are
completed in 2 separate cycles, the overall reaction shows similarity with SCR reactions.
Sulfur poisoning remains an issue which leads to deactivation of the catalyst [23]. Ammonia
forming capability varies for different SCR catalysts. Pt/AI203 shows higher amounts of
NH3 at high temperature, whereas Pd/A1203 is less affected by temperature variations [24].
LNT are also improving regarding sulfur tolerance and passive release of the NOy using only
temperature increases. LNTs are being combined with SCR in the light duty sector to reduce

urea consumption and improve system low-temperature performance.

2.1.2.2. In-cylinder measures
Different strategies can be adopted, in order to change the combustion process to reduce the
formation of emissions [25]. However, changes which decrease NOx often increase the
engine-out emissions of PM, and vice versa. For example, lowering the maximum
temperature reached during combustion reduces NOx emissions, but inhibits the complete
oxidation of soot, thereby increasing particulate emissions. This is known as the NOx-PM
trade-off and presents a critical challenge to emission reduction strategies. Changing the
engine parameters may also affect fuel economy, requiring the optimization of NOx, PM,
and fuel economy for the specific application. Hereafter, a list of interventions will be

discussed.

Achieving good mixing of the air and fuel injected into the combustion cylinder reduces both
NOx and PM emissions yet is difficult in the small, high-speed engines used in cars and light
trucks. In-cylinder alterations seek to improve this process by optimizing parameters of the

piston bowl - the small area of the piston where fuel is injected. Moving from 2-valves to 4-
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valves per cylinder, altering the bowl geometry, and optimizing air motion (swirl) and fuel

spray at different engine operating conditions will allow for reductions in NOx and PM.

Delaying the start of fuel injection is known as injection timing retard. This can significantly
cut NOx emissions by reducing the peak gas temperature, and is currently used as a method
for reducing NOx emissions. However, injection timing retard has a negative impact on

particulate emissions and fuel economy.

Homogeneous charge compression ignition (HCCI) is a form of internal combustion in which
well-mixed fuel and oxidizer (typically air) are compressed to the point of auto-ignition.
HCCI combines characteristics of conventional gasoline engine and diesel engines. Gasoline
engines combine homogeneous charge (HC) with spark ignition (SI), abbreviated as HCSI.
Diesel engines combine stratified charge (SC) with compression ignition (CI), abbreviated
as SCCI. As in HCSI, HCCI injects fuel during the intake stroke. However, rather than using
an electric discharge (spark) to ignite a portion of the mixture, HCCI raises density and
temperature by compression until the entire mixture reacts spontancously. Stratified charge
compression ignition also relies on temperature and density increase resulting from
compression. However, it injects fuel later, during the compression stroke. Combustion
occurs at the boundary of the fuel and air allowing a leaner and higher compression burn.

HCCI engines achieve extremely low levels of oxides of NO, without a catalytic converter.

Another promising method to reduce emissions of nitrogen oxides and particulates in direct
injection diesel engines is water introduction into the combustion chamber. Various
introduction strategies with their particular advantages and disadvantages with respect to
emissions and applicability in different engine applications are possible. For obtaining
maximum improvements, water has to be added at the right spot at the right time [26]. In
conventional combustion processes of both Diesel and GDI powered engines, nitrogen oxides
are mainly formed by the highly temperature-dependent Zeldovich mechanism. All water
introduction strategies aim at reducing the temperatures in the combustion chamber. The
effect of water introduction is two-fold: water reduces the temperature by its large enthalpy
of'vaporization and the larger heat capacity compared to dry air. Injection of emulsions places
the water at the right spot in the spray region. As a result, NOx emissions can be reduced

significantly, also offering the potential to reduce particulate emissions [27 — 28].

2.1.2.3. Upstream intervention
Differently from the solutions already descripted, upstream interventions aim to prevent the

generation of polluting substances, improving combustion process, mostly due to
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shortcomings of mixture formation between air and fuel inside different operational

conditions.

One important solution that are being adopted is the introduction of a fraction exhaust gas
mass in the combustion chamber. The Exhaust Gas Recirculation (EGR) system works by
recirculating a portion of an engine's exhaust gas back to the engine cylinders. This dilutes
and replaces the O2 in the incoming air stream and provides inert gases to combustion to act
as absorbents of combustion heat to reduce peak in-cylinder temperatures [29]. Because NOx
is primarily formed when a mixture of nitrogen and oxygen is subjected to high temperature,
the lower combustion chamber temperatures caused by EGR reduces the amount of NOx
during combustion. Therefore, the exhaust gas, added to the fuel, oxygen, and combustion
products, increases the specific heat capacity of the cylinder contents, which lowers the
adiabatic flame temperature. The maximum quantity of mass introduced is limited by the
need of the mixture to sustain a continuous flame front during the combustion event;
excessive EGR in poorly set up applications can cause misfires and partial burns. The impact
of EGR on engine efficiency largely depends on the specific engine design, and, in Diesel

engines, leads to a compromise between efficiency and NOx emissions.

A properly operating EGR can theoretically increase the efficiency of gasoline engines via

several mechanisms:

e Reduced throttling losses. The addition of inert exhaust gas into the intake system
means that for a given power output, the throttle plate must be opened further,

resulting in increased inlet manifold pressure and reduced throttling losses

e Reduced heat rejection. Lowered peak combustion temperatures not only reduces
NOx formation, it also reduces the loss of thermal energy to combustion chamber
surfaces, leaving more available for conversion to mechanical work during the

expansion stroke.

EGR is after not employed at high loads as it would reduce peak power output. This is
because it reduces the intake charge density. EGR is also typically limited at idle because it

would cause unstable combustion, resulting in rough idle.

Another adopted solution is the turbocharging of the engine that coupled with downsizing
might increase efficiency, first of all by reducing relative impact of heat and friction losses —
increasing the specific power of smaller engine. Further downsizing and increased power
densities are key concept for achieving higher break thermal efficiencies and future emission

legislations for internal combustion engines. These necessitate advanced turbocharger
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technologies such as e-boosting systems in combination with fully variable valve trains and

high compression ratios for optimized fuel consumption in part load operation.

In the intake system can also be installed a Swirl Flaps (SF), [30] small butterfly valves fitted
just before the cylinder head intake ports. SF position is adjusted by an electrical or vacuum-
actuated servo mechanism which is under the control of the ECU. In a typical implementation
(4-cylinder engine, 1 port per cylinder) the flaps will be closed at idle speed, creating
additional turbulence in the intake. As engine speed increases, the flaps are gradually opened
until they are parallel to the airflow and present virtually no resistance. Their purpose is to
ensure that the air entering the cylinder is sufficiently turbulent for good fuel-air mixing even
at low engine speeds. This aids in providing more mixture formation energy, especially in

load areas, where fuel injection pressure is limited.

One of the most effective solutions to improve the combustion process is the development of
the fuel injection systems optimized for new fuel injection strategies. Choosing between
various injection strategies are highly effective techniques to reduce emission from engines

as injection characteristics have great influences on the process of combustion [31].

For example, for common rail diesel engines, the adopted strategy is characterized by several

injections [32 — 34]:

e Pilot - this injection occurs in advance respect to the main injection. The purpose
is to reduce combustion noise and realize a pre-reaction of the pilot quantity which
reduces the combustion delay of the main injection. Splitting the pilot in two
injection events, the second is also used for shaping the heat released rate curve,

thus the pression inside the chamber.

e Main > this is the so called “torque-forming” injection where the power of

propulsion the vehicle is generated and peak of the chamber pressure is reached.

e  After Injection = the purpose is the same of a second pilot in terms of shaping the
heat release rate and/or introduce additional mixture energy into the combustion

chamber at late phase.

e  Post Injection > this injection is done to have an enrichment of the exhaust that

ensures thermal management, e.g. the regeneration of the particulate filter.

Experiments [35] have shown that with high pressure multiple injections (two or more
injection pulses per power cycle), the soot-NOx trade-off curves of a diesel engine can be
shifted closer to the origin than those with the conventional single-pulse injections, reducing

both soot and NOx emissions significantly.
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2.2. Fuel Injectors
As mentioned, fuel injectors play a key role for ICE’s in reducing emissions to meet future
emission standards, as well as achieving other performance parameters like power/torque

fuel economy and combustion noise.

The most important innovation of the injection systems has been the introduction (from the
1980s onward) of the electronic control of the injector’s opening and closing; using a solenoid
or a piezoelectric element the injection event is driven by means of either an electric signal
without a mechanical/hydraulic connection to the engine. The injectors need to fulfil the

following targets:
e Precise dosing > injection of the correct quantity of fuel
e  Accurate phasing - no delay respect to the selected injection window

e  Consistent uniformity = uniform distribution of the fuel delivery every cycle and

for every cylinder

e Optimal mixing = correct mixture between fuel and air in order to foster the
combustion process with the other key parameters like chamber geometry and

charge motion

In the next section the state of the art of fuel injection system is discussed and the most
important inaccuracies highlighted. Finally, the compensation needed, in order to correct

these limits, will be pointed out.

2.2.1. State of the art of injectors

The engine combustion process is mainly determined by in-cylinder conditions and fuel
injection strategies. Fuel injection is the introduction of fuel in an internal combustion engine
by means of an injector. All diesel engines use direct fuel injection by design. Petrol engines
can use gasoline direct injection, where the fuel is directly delivered into the combustion

chamber, or indirect injection where the fuel is mixed with air before in the intake manifold.
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Depending on the design and the layout, it is possible to define different injection system

schemes:

e Single point or Throttle Body Injection (TBI) = it is composed of one or two fuel
injector nozzles in the throttle body, which for spark-ignited engines is the throat of

the engine’s air intake manifold.

e  Port or Multi-Point Fuel Injection (MPFI) = Multi-point fuel injection devotes a
separate injector nozzle to each cylinder, right outside its intake port, which is why
the system is sometimes called port injection. Shooting the fuel droplets this close
to the intake port almost ensures that it will be drawn completely into the cylinder.
The main advantage is that MPFI meters fuel more precisely than do TBI designs,
better achieving the desired air/fuel ratio and improving all related aspects. Also, it
virtually eliminates better the possibility that fuel will condense or collect in the

intake manifold.

e Sequential Fuel Injection (SFI) = Sequential fuel injection, also called sequential
port fuel injection (SPFI) or timed injection, is a type of multi-port injection. Though
basic MPFI employs multiple injectors, they all spray their fuel at the same time or

in groups.

e Direct Injection > More common in diesel engines, direct injection is starting to
grow in gasoline engine designs in terms of vehicles number nowadays and are
common these days. Again, fuel supply is at higher pressure levels and metering is
even more precise than in the other injection schemes, and the direct injection gives
engineers yet another variable to influence precisely how combustion occurs in the

cylinders.

In MPFI and GDI systems the injectors are supplied with fuel from a common rail and the

injector pulse width depends on the input signals seen by the ECU.
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Figure 2.6 - Schematic of a gasoline port fuel injector

The shown port fuel injector in Fig. 2.6 is composed of two different main sectors, divided
by a valve (pintle valve). In the upper one the fuel is maintained in pressure using a pump
that pressurizes the rail up to 5 bars, feeding each injector. In order to avoid contaminations
of the fuel, a filter is installed in the upper feeding channel. The valve is connected with the
needle and it is kept in position by mean of a spring that acts between the pintle valve and
the fuel filter. Electrifying the solenoid, a magnetic field is generated; the pintle valve is lifted
and the fuel is free to flow. Thus, the needle opens the holes of the tip and the fuel flow into

the intake manifold of port is engaged.

In diesel engines, nowadays common rail injection systems (Fig. 2.7) have affirmed their
predominance in the market in the last ten years. High Pressure Common Rail (HPCR) fuel
injection systems, typically employed in light and medium-duty Diesel engines, provide an
effective way in fuel injection quantity and injection timing control primarily due to their
high rail pressure [36 — 37]. Common rail fuel systems are equipped with a closed-loop high
pressure control-system that stabilizes the rail pressure within a relatively small margin to
the nominal value specified by the ECU for a given engine operating condition. The pump
maintains the rail pressure by continuously delivering fuel to the common rail. This pressure
is monitored by a pressure sensor and the difference between the nominal rail pressure value

and the measured one is the input signal for the controller. There are several different
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approaches to control the pressure in the common rail. One typical way is to supply more
fuel than is needed to the common rail and use a high pressure regulator in the high-pressure

circuit to spill the excess fuel back to the fuel tank.

Fuel metering control valve

High pressure , Fuel rail pressure control valve
fuel pump ——_,

Fuel filter

Electric fuel ||r—————

pump

Low pressure

. Lov ~
=== High pressure Injectors
= | eak back/return

Figure 2.7 - Example of a Diesel common rail injection system (Source: Technical overview of
common rail fuel systems - AK Training)

The design of a common rail diesel injector is different from a gasoline injector, mostly due
to the higher pressure that feed the injector (up to 3000 bar in the last generation of common
rail engines). As shown in Fig. 2.8, the fuel pressure is supplied to the injector needle seat
area and also to a small chamber above the injector needle, also called control volume, via a

calibrated inlet port [38]. Three different forces act on the injector needle:

e FElastic force (F%), in the closing direction, due to the spring installed on the needle.
The spring is installed, in order to close the injector when the feeding pressure is

Zero.
e Force (£.) in the closing position due to the pressurization of the control volume

e Force (F,) in the opening direction due to the pressurization of the injector needle

seat

When the solenoid is energized, the valve discharges the pressure in the control volume and
the fuel returns to the fuel tank via the injector leak back ports. This creates a forces

disequilibrium at the needle:

2 FE=0=F>F
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Thus, the needle is lifted and the fuel is delivered through the nozzle, injecting the requested
quantity.

nozzle spring
backfiow tube

core valve-spring
core

coil

magnet nut
anchor spring
adge fiter

piston

body
valve body
high pressure sealing ring

Figure 2.8 - Schematic of a diesel common rail injector (source: Bosch)

Piezoelectric common rail injectors are also used instead of solenoid ones. The operation of
piezoelectric injectors is quite similar to that of solenoid injectors, with the difference that
they have a ceramic core. However, although for this type of actuation is feasible,
manufacturers had to circumvent a certain number of problems. In the first place, the dilation
of a piezoelectric element is extremely low. To obtain a useable degree of displacement, it
requires a stack ceramic disks to form the active element of the injector. To actuate them, an
impulse of a hundred volts is applied to them and a tiny lever arm amplifies their movement.
Moreover, as with electromechanical injectors, the piezoelectric disks do not directly
command the needle movements, but they activate a small valve. The major advantage of
piezoelectric injectors is their speed of operation and the repeatability of the movement of
the valve. The dilation and retraction movements of the piezoelectric elements are almost

instantaneous.

Most injectors have a specific code that must be programmed in the engine controller. The
code is related to the nominal flow rate of the injector and it allows the ECU to correct the
injection quantity to compensate for manufacturing tolerances. This is the first symptom of
inaccuracies during the production process of the fuel injectors that lead to an unexpected
non-optimal behaviour of the injector during operation. In the next section, the main
inaccuracies will be explored and analysed, in order to detect the weak points of these

components.
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2.2.2. Inaccuracies of the injectors
Accurate fuel injection quantity control [39] is of importance in improving engine attributes
like power output, combustion efficiency and reducing engine-out emissions. Conventional
internal combustion engines are equipped with fuel injectors, under control of an ECU. The
operation of an injector is controlled by means of a nominal characteristic curve correlating
Energizing Time (ET) values with corresponding injected fuel quantity values. Thus, engines
fuel injection quantity control algorithms are mostly based on pre-calibrated tables, which
may not adequately handle the effects of disturbances, either coming from production or from
aging effects during operation. Particularly, there are several factors that can lead to fuel

injection quantity error; the most important are three:
1. Fuel pressure oscillation/Rail pressure waves

Using multiple events injection with a comparably short interval between injection pulses,
the effect of pressure wave in fuel pipe on the subsequent fuel injections must be paid
attention [40]. Due to the fast opening and closing of injector needle, the injection pressure
waves are generated in the duct of CR injectors, and connecting high-pressure pipe and the
injection pressure will no longer remain as constant as optimally required during the whole
injection event [41 — 43], to ensure appropriate fuel metering. These pressure waves then
push up or down the subsequent injection amount significantly and this makes the calibration
of the subsequent injection fuel amount very difficult. Under different operating conditions,

these influences become extremely serious [44].
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Figure 2.9 - Rail pressure during different injections (Technology focus - Diesel Common Rail -
Pressure Wave compensation, Autoelex)

Due to the high number of influencing parameters it is an unsolved problem to analytically

compute the time response of the pressure at the injector with sufficient accuracy. But as the

~ 34.N



State of the Art

exact pressure progression at the injector is of importance for the accuracy of the injected
fuel mass and therefore for the combustion process, its knowledge could significantly
improve the efficiency and reduce the emissions of the engine. To solve this problem, a
sensor based on the magneto-elastic effect was developed [45]. Conventional pressure
sensors that work in a high dynamic range are often based on the piezo-resistive effect and
are unaffordable for mass use in automobiles. The advantage of the ME-sensor over these
conventional sensors is its low cost design and that it is working noninvasively. The
disadvantage is a lower signal to noise ratio and its sensitivity to disturbances. The continuous
monitoring of the pressure at the injector inlet permits to deliver information to the ECU and

thus adjust the injection parameters, for a better control the injected fuel quantity.

2. Non-linearities in low quantity region

The second main factor of larger inaccuracy is the non-linear region in small fuel quantity
area; this region is called “ballistic region” bacause the injector needle is in a ballistic flight
condition and it is characterized by a partial stroke of the needle. This means that the ET is
not long enough to lift completely the needle, operating in highly transient conditions.
Therefore, it is not possible to calculate the correct ET for small quantity pulses because each

injector behaves differently, depending on the reaction of this transient phenomena (Fig.

2.10).

45

5
=]
Ne.

A\

N

Boua

\

i

= o

N

,.-
-
e d
/
d

[ak] 0.4 05 06 a7
5 Energizing Time [ms]

Injected Qauntity [mg/shot]

-
o
Injected Qauntity [mg/shot]

BRI )

—8— Characteristic Gurve == =linear Fit

0 025 05 075 1 125 15 iy & 22y 25 245 3 325
Energizing Time [ms]

Figure 2.10 - Characteristic curve of a GDI injector



State of the Art

This problem can affect both gasoline and diesel injectors, characterized by a solenoid to

command the injector.

In gasoline fuel injectors, the calibration point is chosen from the linear region and the
delivered quantity measured at the end of process, in order to couple injectors with a similar
behaviour in a batch, mounted in each engine. The process error is quite low and nominal
characteristic curve can upload in the ECU, cutting the low delivered fuel region during
engine operation. Nowadays, the restriction in terms of fuel consumption and CO2 emission
require a reduction of the injected quantity and the use of the low quantity region cannot be
avoided anymore. Thus, the operational range of the injector has been extended even to the
ballistic region and the calibration process has to be modified in order to assure small error

even in this portion of curve.

Different solutions are being adopted depending on the manufacturer and on the product. In
some cases, the energizing time has been correlated with a so called "hydraulic" time that
take into account the hydraulic opening and closing delays of the injector. The relation
between injected quantity and hydraulic time is nearly linear, permitting a definition of a

gain/offset, valid along the entire operational range.
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Figure 2.11 - Characteristic curve of a CR injector without upper needle stop

In diesel application, at the end of line of the fuel injector production process, each supplier
measures the injectors specifically and release an appropriate code for each injector to

document the difference to the nominal specification; this code covers the deviation of the
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injector characteristic in order to reach the injected quantity target. The correction, that comes
from the injector code, is in many cases based on the assumption of a linear behaviour of the
injector. The use of the pre-calibrated tables and the correction from the injector code to
convert the requested quantity in ET could lead to errors in the real injected quantity in the
low quantity region. For instance, an incorrect pilot injected quantity can influence the

following aspects:
e Pilot Injection too small = noise increment
e Pilot Injection too big 2 PM increment

e Misfire = noise and emissions increment, high fuel consumption

3. Injector aging/Nozzle holes coking/Deposit formation

Another term of inaccuracy is the changing of the behaviour of the injector during the
lifetime. During vehicle lifetime, a drift in the actual injected fuel quantity compared with

the estimation from the ECU can occur. The root causes of the deviation can be related to:
e Injector drift by wear or deposit
e Rail pressure sensor drift
e  Oxygen sensor drift
e Fault on the injection system

The last three terms have an indirect impact on the injection quantity, due to a wrong input

that causes an incorrect command pulse sent to the inector.

Focusing on the injectors, a modification in the characteristic curve of the injector has been
observed. As explained before, the ECU determines the fuel quantity to be injected from the
injector nominal characteristic curve. This nominal curve is referred to a sample injector,
operating in nominal conditions and generally such curve is supplied by the injector's
manufacturer. The quantity of fuel actually injected by a fuel injector may deviate from a

target or nominal quantity, due to production tolerances or to ageing drift of the injector.

For all of these aspects, different strategies for control and correction have been developed,
depending mostly on the requested quantity; in pilot and post-combustion injection, the main
problem is the non-linear region while in the main injection, where the torque forming takes

place, the drift of the injector during the lifetime has a big role.
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Figure 2.12 - Different inaccuracies that have an influence in each injection

In the next section, some fuel delivery compensation strategies will be discussed, in order to

highlight the efforts necessary to overcome current limits of injectors.

2.2.3. Fuel delivery compensation strategies for ICE vehicle

The aim of these learning functions is to improve accuracy and reliability of the fuel delivery

from the injectors and the oxygen estimation on the exhaust, both using the crankshaft sensor,

precalibrated models and compensating the oxygen signal from the lambda sensor.

Fuel What is the Aim?

Improve the/accuracy of fuel
delivery from the Injectors

Using the crankshaft sensor and
precalibrated models to determine
imbalances & 1d provide individual

adjustmen: to each injector

Comparing both the fuel
delivered based on lambda
exhaust measurement and the
ECU demand, the setpoints in
various maps are adjusted to
optimize combustion and
emissions

Oxygen

Improve oxygen estimation
in the exhaust

Performed during over-run
where the signal sensor is
compared to fresh air

Figure 2.13 - Schematic overview of the fuel delivery compensation strategies
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In order to improve the operational accuracy in the ballistic region, if the injector has not
been tested by the manufacturer at the end of the production line, a supplementary learning
phase is needed to adapt the ET, taking into account the different behaviour for the injectors.
However, the initial correction learned could change during the lifetime of the vehicle, due
to a drift of the injector. Learning control methods are known to obviate to such issue, such
as Small Quantity Adjustment learning (SQA) [46], which is a method aimed to determine
an actual characteristic curve of the fuel injector, which can be used instead of the nominal
curve to operate the injector during small fuel injections. These learning control methods are
adjustment functions that demand specific engine conditions regarding engine speed, vehicle
velocity, etc. and provided for operating the injector to perform a number of test fuel
injections having different predetermined ETs, measuring an actual quantity of fuel injected
during each one of the test injections to obtain a corresponding point of the actual
characteristic curve. The first test injection is performed with a test ET, an actual fuel quantity
that has been injected during the first test injection is measured to obtain an initial point of a
characteristic curve representing a relationship between the ET applied to the injector and the
fuel quantity which is actually injected by the injector. The ratio between the actual fuel
quantity injected and a nominal fuel quantity corresponding to the first test ET is calculated.
The calculated ratio is then used to determine a series of corrected ETs for subsequent tests.
The new fuel quantities that have been injected during each one of the subsequent test
injections are measured to obtain further points of the characteristic curve. The characteristic
curve of the fuel injector is modelled on the basis of the obtained further points. The
characteristic curve is used to control the operation of the fuel injector. The above described
method may be affected by non-linearity errors if the level of injector's drift or fault is high

with respect to the test injection.

To correctly estimate the injector drift, a method could be based on the calculation of the
actual injected quantity [47]. It is known that modern diesel engines are equipped with an
injection system that directly inject the fuel into the cylinders of the engine. The injection
system generally includes a common fuel rail and a series of electrically controlled injectors,
which are individually located in a respective cylinder of the engine and which are
hydraulically connected to the rail through dedicated injection lines. The fuel injection
control is an important aspect of the engine management system, in order to ensure the engine
performance in terms of available torque and reduced fuel consumption and emissions. Such
control includes several strategies, one of which is called Fuel Set-point Adaptation strategy.
FSA strategy estimates the injection drift considering the intake air mass and the oxygen

concentration in the exhaust gas and stores the fuel quantity drift values in a map, storing
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values of the fuel injection quantity drift, with map points being arranged along an x-axis and
along a y-axis representing engine operating points. In particular, such engine operating
points are defined by different values of engine speed and requested amount of fuel to be
injected by the injector. The actual fuel delivered quantity is calculated as in the following

equation:

3 Mqir 1
m = ——
(3) f _actual 2 AsTxp

where:

Mg 18 the intake air measured by the mass air flow sensor
A is the air to fuel ratio measured by the lambda sensor

Agr is the stoichiometric air to fuel ratio

p is the fuel density

The actual injected quantity is then compared to the requested one and the difference

calculated, as shown in fig. 2.14.
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Figure 2.14 - Estimation of the injector drift, based on estimation of actual injected fuel

As the figure shows, during the transient between two different fuel demands, the calculation
of the injected fuel is not so accurate, mostly due to the delay in the measurement of the
oxygen percentage by the lambda sensor. Instead, during steady state conditions the
difference is much smaller and more reliable. For this reason, the adaptive map values have

to be stored only during nearly stationary conditions (Fig. 2.15).
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Figure 2.15 - Enabling of the storing of the fuel difference in the map

The map points close to a current engine operating point are updated by spreading the
estimated fuel injection quantity drift. The stored value is obtained weighing the fuel injection
quantity drift with two factors that take into account the relative distances between the learned

engine point and the nearby map points.

In order to understand the importance of this factor, a representative test has been made on
1.6, 4-cylinder turbocharged diesel engine. The NOy and soot concentration (FSN) have been
measured and the estimation of the drift in the injected quantity has been changed from -4 to
4 mm? by steps of 1 mm?®. Practically, the zero condition is the one in which the estimation

is the correct one and from this an offset has been added or subtracted.
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Figure 2.16 - Emission measurement for different offsets of drift estimation function

As it is shown in Fig. 2.16, decreasing the offset of the drift estimation means estimate less
fuel than the reality and this has an effect on the reduction of NOx with an increment of soot
production (higher FSN). Opposite behaviour is visible with a positive offset that means an
estimation of more fuel than reality. The trade-off point is close to the case with zero offset
that indicates a good representation of the reality with a best comprise in terms of emissions.
This test has best done for an engine speed of 1500 rpm with a fuel request of 10 mm?. Other

two conditions have been tested in addition, to underline and verify the adjustment:
e 1750 rpm of engine speed; 15 mm? of fuel request

e 2000 rpm of engine speed; 20 mm? of fuel request
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Figure 2.18 - Emission measurement for different offsets with 2000 rpm and 20 mm?

Even for these two additional test conditions, the trade-off point is still close to the correct
estimation of the drift, without any offset. These tests indicate that a reliable correction of the
injection system is really important to maintain the performance and in particular the
emissions of the vehicle during the lifetime, avoiding changes in the behaviour due to the

ageing of the components.

In last instance, the inaccuracy of the pressure wave propagation in the rail needs to be

corrected. The sudden opening and closing of the injector generates a pressure wave that
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propagates itself along the fuel line. When a multi injection strategy is adopted, such
fluctuation affects the fuel delivery rate of following injection pulses and therefore emission
levels, fuel consumption and driveability. A first approach to minimize such problem could
be the use of hydraulic systems designed and built specifically to compensate the pressure
wave effect. This can be obtained, for example, by modifying physically the fuel line, in
order to decrease the wave pressure phenomena by introducing accurate holes or modifying
the shape of the fuel accumulator. This approach is limited by the fact that it needs a specific
modification of the fuel line for every engine system as well as for each operational condition
(for instance injected quantity, rail pressure, distance between injection events, etc.). A
second approach is the use of modified injectors that reduce the wave pressure effect using a
specific damping volume inside the injector itself. However, this approach requires
modifications to the injectors. A further approach is to use a mapping of the effect of the
pressure wave in order to apply a control strategy [48] to compensate the injected quantity of
the pulses that endure the pressure waves effect. Thus, the objective is to obtain a reliable
estimation of the instantaneous pressure value in the fuel line of a fuel injection system,
minimizing the impact of the fuel line pressure fluctuations on the injected quantity of each
single pulse in a multi-injection pattern without the need to modify mechanically the injector
and/or the fuel line itself. The strategy aims to calculate the instantaneous pressure,
comparing it with the requested one in order to correct the energizing time taking into account
the real feeding pressure of the injector. The instantaneous pressure has been studied by

several authors [49 — 51] and pressure measurements can be used to estimate it.

In this section, some of the functions to correct the fuel delivered by the injectors have been
discussed. This can give an overview about the efforts needed to overcome the limits of the
current fuel injectors. In order to improve these limits, the tolerances of the production
process, especially the assembly phase must be reduced. In this way, the behaviour of the
injectors will be more easily controllable, reducing the learning functions number used during

the lifetime of the vehicle by the ECU.

2.3. Press-Fit Processes
In mechanical industry, assembly processes of shafts into hub, based on interference fit, are
common. An interference fit, also known as a press fit or friction fit [52] is a fastening
between two mating parts that is achieved by friction after the parts are pushed together,
rather than by any other means of fastening. There are two basic methods for assembling an

oversize shaft into an undersized hole, sometimes used in combination: force assembly and

~ A4~
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thermal assembly, by expansion or contraction. The force assembly can be described with at
least three different terms: press fit, friction fit, and hydraulic dilation [53]. This kind of
method requires an assembly force to axially insert the shaft into the hole and therefore a
press system is required. In this section, the theory of the interference pressure and the
characteristic aspects will be investigated; then the commercial solutions on the market will

be analysed and their limits pointed out.

2.3.1. Theoretical aspects of interference fit

When a cylinder and a hole have a certain interference, an interference pressure acting
between the two surfaces in contact is determined. This radial stress [54], generally varies
along the length of contact and changes in response to the external loading on the assembled
parts. The force necessary to produce relative sliding between the parts (also called insertion
force), is the product of three terms: the coefficient of friction, the contact surface and the

interference pressure.

The simplest case is given by two interfering concentric cylinders of same length (Fig. 2.19).

O

&

Figure 2.19 - Interference fit of two cylinders of equal length

The diametral difference between the shaft (A) and the hub hole (B) is referred to as the

interference fit. The geometrical features are defined as follow:
= R; - internal radius of the inner cylinder
= R -> radius of interference
= R, = external radius of the outer cylinder

= |- radial interference
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The radial deformation (7) causes an interference pressure, p, at the nominal radius, at » = R.
Consequently, radial and tangential stresses, o; and o, are produced. In absence of axial
stresses (g;=0) each cylinder is a state of plane stress and the interference pressure is constant
along the length of contact. From the cylindrical pressure vessel theory [55], the radial and

tangential stresses represent principal stresses can be calculated as follow:

o  [nner Cylinder

2 2
“4) (00)ilr=r = —p (R +Rlz) = —pGy

R2-R;

(5) (O-r)ilr:R =P

e  QOuter Cylinder

Ro%-R?

(6) (O't)olrzR =p (ROZ—RZ

(7) (O-r)olr:R =P

) = —pGy

The total deformation is the sum of the deformation due to the tensional state of each cylinder:
(3) Stotar = 6; + 6,

Where the decrease in radius of inner cylinder and the increase in radius of outer one are

expressed by:
) 8 =Rey =5 [0l + viP]

(1) 8, = Reto = 5 [(@)olr=r + 0P
Where:
E; is the Young’s modulus of the inner cylinder
E, is the Young’s modulus of the outer cylinder
v; is the Poisson coefficient of the inner cylinder
0, 1s the Poisson coefficient of the outer cylinder

Using the equations (4) and (5) for the above identified tangential stress, the total deformation

can be calculated as:

(11) 8totar = PRG,
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where

Eo \Ry?—R2

Solving this equation for d..=i it is possible to obtain the interference pressure:

(13) p=o

RG¢

Assuming that the interference pressure remains constant in absence of axial stresses, the
insertion force, Fj, equals the product of the interference pressure, contact area and coefficient

of friction:
(14)  F, = QuRL)up

When the shaft length is greater than the hub length, which is typical in practice, the
assumption of constant interfacial pressure is violated. In this case exists a stress
concentration at the contact edges. Far from these discontinuities, if the contact length is long
enough, the interference pressure returns to the constant value given by equation (12).
Different studies [56 — 58] have reported, by mean of finite element analysis, the pressure

distribution for a short collar into a long shaft (Fig. 2.20).

Figure 2.20 - Behaviour of the contact pressure in case of different length between shaft and collar

The insertion load is thus calculated by the integration of the interference pressure:
(15)  F; = u(2nR) [ pdz

The longer the contact length, the more negligible is the effect of stress concentration on the

contact edge.
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Nevertheless, even in the case of equal lengths between shaft and hole the axial stresses due
to insertion force change the diameter of the components and thus the real interference

pressure.

Analysing the forces acting on a section of the inner cylinder (Fig. 2.21a), loaded for a press

load insertion, the equilibrium of the forces requires that:

RZ—R,:2 doi(z)

(16)  p(2) ===,

ai(L)

a((z+dz) l l

—@ D2

N T Tup(z)

o(z)

ai(z) oofz) ™

a) b)
Figure 2.21 - Cross section of the inner cylinder (a) and both shaft and hole (b)

If a section of both cylinder is taken (Fig. 2.21b), the equilibrium has to be changed as follow:
Ai
(17)  0,(2) = Y [o:(L) — 0y(2)]
where A4; and A, are the cross-sectional areas.

As the insertion force is given from A4,0;(L), with the inclusion of axial stresses equation (11)

becomes:

(18)  Brorar = PR [ (50 = ) + o (3 +v,)| - (2 +22) 0, 2)

i \R2—-R;? L Eo \Ro%-R?2 Ej

Substituting equations (15) and (16) to (17) the following differential equation for oi(z) is

obtained:

<R2—Ri2)c
(19) [\t (k) g ) 4 (2 ) - Detat) = g

UR dz Ei EoAo EoAo
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Solving this differential equation and calculating the solution for z=L and J.wm=i, the

insertion force is given by:

. K
_ LAE; e P-1
(20) Fl. - 5. VoAiE; K
R vi \ = Lllegfpyq

V;AoEo

where:

ey K =5(5) (5 + )

The insertion loads, calculated without and with, taking into account the Poisson effect due

to the axial stresses, are plotted in Fig. 2.22a. The parameters for the calculation are shown

in Table 2.1.

Table 2.1 - Parameters used for the calculation of the insertion loads

Description Symbol | Value M.U.
Radius of interference R 3 mm
Internal radius of inner cylinder R; 2 mm
External radius of outer cylinder R, 20 mm
Coefficient of friction i 0.2

Interference i 0.025 mm
Young’s modulus of inner cylinder E; 200 GPa
Young’s modulus of outer cylinder E, 200 GPa
Poisson coefficient of inner cylinder V; 0.3

Poisson coefficient of outer cylinder Vo 0.3

The figure depicts how by increasing the contact length the effects of the axial stresses
become more important. It is also important to note that without taking into account the axial
stresses there is obviously an underestimation of the insertion load, which represents 21% for
a contact length of 35mm (Fig. 2.22b). Instead, for contact lengths lower than 10mm, both

the insertion load and the error decrease and the axial effects could be neglected.
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Figure 2.22 - Comparison of the insertion load with or without the consideration of the axial stresses
(a). Percentage error between the two calculations (b)

All the aspects depicted move out from the ideal condition of constant interference pressure,
increasing the error in the calculation of the insertion; however, the most critical parameter
remains the friction coefficient. The most commonly used friction model [59] is the Coulomb

friction model (Fig. 2.23a), which can be formulated as follow:

_ (Esin(v), ifv>0
22 F= { Fapps if ¥ =0 and Fyyy < F,

where F is the friction force, v the sliding speed and F,,, the applied force. The Coulomb

sliding friction F. is defined as
(23) F.=uN
where u characterizes the coefficient of friction and N the normal load in the contact.

F & F &

<Y
<Y

a) b)

Figure 2.23 - Coulomb friction (a) and Coulomb model with static friction phenomenon (b)
Using different coefficient for stick and sliding phase, as the reality suggests, the model has

been modified as shown in Fig. 2.23b. The Coulomb force is given by [60]:

ks, if v=20

(24) ke = {ud, ifv+0
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where us and ugq are the coefficients of static and sliding friction, respectively. The coefficient
of sliding friction is smaller than the coefficient of static friction. The influence of different
friction coefficient’s on the structure response is termed as stiction effect. Friction coefficient
is typically a function of the materials, geometries and surface features of the bodies in
contact, as well as the operating conditions and environment. Therefore, it easily changes and
needs to be considered precisely for different applications. This estimation is often not
sufficiently accurate and the insertion load cannot be calculated exactly for obtaining optimal

results.

Another problem rises during the insertion when the relative motion of the shaft respect to
the sleeve occurs. In the motion with friction between bodies with elastic features a
phenomenon called “stick-slip” lead to an intermittent dynamic, characterized from adhesion
phase (stick) and sliding. Stick-slip refers to the development of regions of microslip in the
surface of interaction between two bodies in contact, when a tangential force is applied to
them in order to produce relative motion. As the force increases, the slip region grows and
the stick region diminishes [61]. The simplest physical system that can show this
phenomenon is a block (Fig. 2.24), sliding on a flat surface, with friction. The block is

dragged by mean of a spring with k£ constant with the free ends that moves at velocity v.

k v
M PAVVWWW

<_
Fc

Figure 2.24 - Mass/spring system with friction

Solving the motion equation for this system [62], the behaviour of the displacement of the

mass (x)and the friction force (F.) are shown respectively in Fig. 2.25a and 2.25b.

X 4 Fc 4

a) b)
Figure 2.25 — Displacement series (a) and friction load (b) for the mass/spring system
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An accurate press system in production needs to take into account all these aspects in order
to control the position precisely during an assembly of components with interference. In the

next section, the commercial presses and their limits will be investigated.

2.3.2. Limits of the commercial solutions
Commercial presses in manufacturing lines are generally composed by a controller that
define the actions to use the actuator, in order to reach the desired output control (Fig. 2.26).
In this case the output can be force or position as a parameter of either the assembly or the

joint processes.

Desired i
Output

Actual

Controller Output

Sensor |-_|-‘

Figure 2.26 - Block scheme of a press system

Press actuators can be either pneumatic, hydraulic, electro-mechanic or a mix of these

different technologies.

The biggest advantage of pneumatic actuation is its simplicity, meaning its relatively easy to
use and install. Their simplicity also results in a low price and small weight. In addition, they
have durable components and require only little maintenance. Pneumatic actuators are
commonly used in extreme temperatures and other hazardous environments. They are highly
safe to use and also operate without using challenging materials, as typically cleaned and

compressed air is hard on agent.

One disadvantages of this actuation is that compressed air should be well prepared to meet
the requirements. Meet certain criteria, such as dry, clean, and contain the necessary lubricant
for pneumatic equipment. Therefore, it requires installation of pneumatic systems are
relatively expensive equipment, such as compressors, air filter, lube tube, dryer, regulators,
etc. Furthermore, one of the properties of pressurized air is like to always occupy the empty
space and the air pressure is maintained in hard work. Therefore, a seal so that air does not
leak is needed. Seal leakage can cause energy loss. Pneumatic equipment should be equipped
with airtight equipment that compressed air leaks in the system can be minimized. Moreover,

pressurized air is easily condensed, so before entering the system must be processed first in
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order to meet certain requirements, such as dry, have enough pressure, and contains a small

amount of lubricant to reduce friction in the valves and actuators.

In hydraulic actuation, the most important advantage is the force it produces, which can be
significantly higher than that of a pneumatic or electric one. They also have high stability
and, because of the incompressibility of the used fluids, they can hold a constant force and
torque without the need to pump more fluid or pressure to the cylinder. One disadvantage of
hydraulic actuators is given by fluid leaks, which leads to a substantial loss in efficiency.
Unlike with pneumatic actuators though, the leaks can damage the surrounding system area
and components and lead to environmental problems. Also, hydraulic actuation need many
other components to operate (a fluid reservoir, motors, pumps, release valves, heat
exchangers, noise-reduction equipment), meaning the systems are comparably large and

difficult to install.

Both of the before mentioned the technologies have a relatively poor accuracy in the
positioning, due to the stick-slip phenomenon that involves both cylinder seals and rod. The
seals are installed to avoid the leakage of the operating fluid. They act on the cylinder rod
and, due to the different stiffness, the can store more elastic deformation, amplifying the stick

phase, as shown in Fig. 2.27.
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Figure 2.27 - Stick-Slip effect in a pneumatic press, measured with a differential LDV

Using electro-mechanic actuators, a good precision-control positioning can be obtained.
They can be modified for almost any purpose or force requirement and operate smoothly and

with good repeatability. This type of actuation also produces less noise than pneumatic and
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hydraulic actuators. They have no fluid leaks, which means they typically pose no danger to
the environment. Also, they offer immediate feedback and can be reprogrammed easily in
case that problems should occur. In addition, their motion profiles can be fully controlled and
encoders can be implemented in order to control position or force. However, the mechanical
chain has its inaccuracy and micrometric control of the position is challenging, especially
controlling the steps of the electric motor. Electric actuators incorporate other drawbacks;
they are usually more expensive than hydraulic and pneumatic actuators and they can also

overheat, which can damage the system components.

High accurate positioning devices are piezoelectric actuators using piezoelectric materials as
active material and having a specific design to overcome traditional limitations of classical
direct piezoelectric actuator, the limited stroke. As classical piezoelectric materials have a
strain of 0.1%, it is practically impossible to reach significant stroke without displacement
amplification (e.g. 1 mm displacement would require 1 meter of piezoelectric material). The
classical solution to reach middle range stroke is to use an amplification system. Two main
types of piezo actuators are available: low voltage (multilayer) devices requiring about 100
volts for full motion and high voltage devices requiring about 1000 volts for full extension.
The maximum electrical field that can withstand by piezo ceramics is between 1 and 2
kV/mm. In order to keep the operating voltage within practical limits, Piezo actuators consist
of thin layers of electroactive ceramic material, electrically connected in parallel, as shown

in Fig. 2.28.

AL

Figure 2.28 - Electrical connection of the layers of a piezo actuator

The net positive displacement is the sum of the strain of the individual layers. The thickness

of the individual layer determines the maximum operating voltage for the piezo actuator.
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High voltage piezo actuators are constructed from 0.5 to 1.0 mm layers while low voltage
multilayer piezo actuators are monolithic multilayer designs constructed from 20 to 100 pm
layers. Both types of piezo actuators can be used for many applications: in particular, high
voltage types can be designed with larger cross-sections for higher load applications, up to

several tons, than low voltage ceramics.

Piezo actuators feature no "stick slip" effect and therefore offer theoretically unlimited
resolution. In practice, actual resolution can be limited by a number of factors such as piezo
amplifier (electric noise results in unwanted displacement), control electronics and
mechanical parameters. Nevertheless, piezoelectric actuators are typically used in atomic

force microscopes, that require to move distances less than one atomic diameter.

After this general overview of all the main aspects that characterize the assembly process of
components with interference, it is quite clear that state of the art solutions cannot manage
all the phenomena that take part during the assembly especially in mass production, reaching
micrometric accuracy in relative position of the assembled components. For this reason, a
new press station for higher quality demands needs to be developed, studying and applying

strategies, in order to control these boundaries and phenomena.

In the next chapter, a first detailed numerical study will be highlighted. The gathered
information has been used to design an experimental prototype of all-new press station in
assembly of sensitive components, able to test different actuations. The results from the
experimental study have guided the construction of the full-scale prototype, shown and

validated in Chapter 4.



3. Characterization of Motion in
Interference-Fit

In order to understand the physics of the process and to build up detailed knowledge useful
to design an all-new press fit system, numeric simulation can be useful because a good model

provides a good representation without the necessity of building multiple prototype stages.

However, the complexity of the given problem makes difficult an accurate mathematical
modelling which would be required to describe the geometric dimensions and force
relationship, to derive the evolution of the insertion load and the displacement during the
press-fitting stroke. For this reason, only a simplified model has been studied by mean of a
numeric simulation, then realizing a first prototype to analyse tribological aspects by an

experimental approach.

3.1. Numeric simulation approach
The simulation of the motion of simplified system has been realized by using Simulink®, a
block diagram environment for multidomain simulation and Model-Based Design. It supports
simulation, automatic code generation, and continuous test and verification of embedded
systems. It provides also a graphical editor, customizable block libraries, and solvers for

modelling and simulating dynamic systems

3.1.1. Model

The simplified system model, shown in Fig. 3.1, is a mass block M with friction F, pushed
by mean of a spring of constant k. The free end of the spring is moved with a displacement

X

~56 ~
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Figure 3.1 - Schematic of the model used for the simulation

Two types of conditions have been investigated in detail during this study, changing the

velocity of the free end of the spring (Fig. 3.2):
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Figure 3.2 - Bound displacement X at the free end of the spring

The choice of a comparison between a constant velocity and a dynamic one has been
suggested from the literature [63 — 65]. In many positioning devices and manipulators, a way
to increase the performances in terms of position accuracy is to drive the device with an
impact or, in general, a dynamic force generation. In this dedicated simulation the generation
of the load is not possible but a dynamic motion of the free end of the spring can generate a

dynamic elastic force by mean of the spring, that can act on the block mass.
The motion equation of the system can be expressed by:

25)  MXy(®) = k[X@®) - Xu(®)] - F,
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Where for the friction force F. the Coulomb model with stiction effect has been used, defining
two different friction coefficients for static and dynamic status. The following parameters

have been used for the simulation:

Table 3.1 - Parameters used for the simulation of the mass-spring system

Description Symbol Value M.U.
Block mass M 0.1 kg
Spring constant k 100 N/m
Coefficient of static friction s 1.1

Coefficient of dynamic friction | g 0.8

Four different cases were studied for a simulation case of 5 seconds, comparing the block

displacement in the case of constant velocity with the square wave train with these

frequencies:
1. f=1Hz
2. f=10Hz
3. f=20Hz
4. f=50Hz

3.1.2. Results

In Fig. 3.3 the block displacement for case 1 is shown; with both settings the provided
displacements to the free end of the spring, the system shows a typical behaviour
characterized from stick-slip phenomenon. No particular differences are visible with the

adoption of one displacement law or the other.
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Figure 3.3 - Comparison of block displacement in constant velocity case and square waves train with
a frequency of 1 Hz

By increasing the frequencies of the square wave to 10 and 20 Hz (cases 2 and 3), a reduction
in the amplitude of the stick-slip phenomenon is clearly visible (Fig. 3.4). Calculations [66]
demonstrated that oscillations of the normal load could lead to a transition from a state of
high-friction stick—slip dynamics to a low-friction smooth sliding state. Manipulation by
mechanical excitations, when applied at the right frequency, amplitude and direction, pull the
molecules out of their potential energy minima and thereby reduce friction (at other

frequencies or amplitudes the friction can be increased).
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Figure 3.4 - Case 2 and 3, tested with square wave frequency of 10 Hz (a) and 20 Hz (b)

With this model, using a frequency of 50 Hz the stick-slip is highly reduced (Fig. 3.5) and

the block displacement seems to be characterized nearly by a constant velocity (Fig. 3.6).
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Figure 3.5 - Comparison of block displacement in constant velocity case and square waves train with
a frequency of 50 Hz

The simulation results indicate the possibility to drive a system dynamically, in order to
reduce the effect of the stick-slip phenomenon. Many efforts are needed to solve the equation
in the static-dynamic transition region of the friction coefficient; with the addition of the
interference pressure and the axial stresses the complexity of the calculation increases and

the solution is no longer representative of the real behaviour.
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Figure 3.6 - Particular of block displacement in constant velocity case and square waves train with a
frequency of 50 Hz

For these reasons, an experimental approach has been decided, using an actuator that can be
easily driven dynamically till high frequency: a piezoelectric actuator. As explained in the
previous chapter, a piezoelectric actuator is a highly accurate positioning device which is not
characterized by stick-slip phenomena. In the next section, the main features of the prototype

will be discussed and the acquired information highlighted.
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3.2. Prototype of the Piezo Actuated Press

A piezoelectric press machine was developed for these experiments (Fig. 3.7).

a) b)
Figure 3.7 - Sketch (a) and picture (b) of the test bench

The upper supporting plate can be moved, using a screw, connected to a threaded hole,
screwed to the supporting beam. The rotation of the screw moves the plate approaching the
sample, generating a preload. After that, the two clamps, one for each column, are tightened
fixing the supporting plate; now the piezoelectric actuator can be driven. The generated load
was measured by means of a piezoelectric load cell located on top of the actuator. The fiber
probes of a differential LDV measure the relative displacement and velocity of the plug with

respect to the sleeve.

3.2.1. Displacement measurement system

A non-contact monitoring system was used to measure simultaneously the relative
displacement and velocity between plug and sleeve, more precisely a Differential fiber optic
Laser Doppler Vibrometer. DLDV is a non-contact interferometric device particularly fit for
differential measurements. It was chosen to avoid measuring the displacement of the press,
due to compression and bending of the structure. The use of differential laser Doppler
vibrometer is well documented in literature, for example in [67] related to automotive

industry.
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The first laser beam was pointed at the centre of the plug internal cavity. Ideally, the second
beam should be pointed at the sleeve. However, because of optical access constraints, the
second beam was pointed at the supporting plate of the test sample. The errors resulting from
this installation can be estimated considering the deformation of the support which holds the
sleeve under the load applied by the press. Under that load, the support behaves as a beam

with two supports loaded at the centre.
In following table, the main parameters used for the calculation are listed:

Table 3.2 - Parameters used for the calculation of the deflection in the supporting plate

Description Symbol Value M.U.
Height H 0.1 m
Width B 0.15 m
Length L 0.4 m
Young’s Modulus E 200 GPa
Load F 15 kN

According to [68], the deflection of the sample support, for a beam with a rectangular section

is shown in Fig. 3.8.
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Figure 3.8 - Deflection of the beam support, loaded at the centre

The maximum deflection is on the application point of the load, at the centre of the beam,

where the first laser beam is pointed. Placing the second laser beam at a distance of 40 mm,
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the deflection difference between the two measurement points, thus the error, is around

0.5 pm, within the accuracy of the instrument.

3.2.2. Force generation

The piezoelectric actuator was characterized by a multilayer stack of piezo-ceramic elements
generating a maximum force of 30 kN and a maximum (free motion) axial displacement of
120 pm. The maximum stroke can be generated without any resistant load against while the
maximum load is calculated considering the block condition for which there no motion of

the actuator is given (Fig. 3.9).
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Figure 3.9 - Characteristic curve of the piezoelectric actuator

The piezoelectric actuator was in contact with the samples through a spherical tip, generating

the mechanical load and consequentially the displacement of the plug into a sleeve.
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Figure 3.10 - Spherical tip of the piezoelectric actuator

The use of a spherical tip allows to avoid any bending moment acting on the piezoelectric

actuator, therefore preventing damages to the actuator.

3.2.3. Force measurement system

The selected load cell is a preloaded piezoelectric force transducer link that can measure
tension forces up to 20 kN and compression forces up to 75 kN, producing an electrical

charge directly proportional to the force applied.
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Figure 3.11 - Load cell

The force to be measured is transferred to the piezoelectric force transducer elements via the

cover plate and base plate of the tightly welded steel housing. The quartz elements produce
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an electric charge proportional to the mechanical load. A charge amplifier generates an

electric voltage from this charge.

Thanks to the extremely high resolution of the piezoelectric force transducer it is possible to
measure a change in force in the order of 1 N under a preload of several tons. This gives high
rigidity to the load cell, a sensor with a larger measuring range undergoes less deformation
that is a really important, especially considering the limited stroke of the piezoelectric

actuator.

3.2.4. Acquisition system

The data acquisition system was composed by a National Instrument c-DAQ-9178 chassis,

with the following modules (Fig. 3.12):
e Nr.2,NI9215, 4 channels, =10V, 16 bit, Simultaneous Analog Input
e Nr. 1, NI 9234, 4 channels, +5V, 24 bit, Software-Selectable IEPE
e Nr.1,NI9263 4 channels, =10V, 16 bit, Analog Voltage Output

Relative Displacement
NI 9215 { Relative Velocity I
Piezo Voltage

NI 9215
User : Piezo Current I

o » 00

0 N = W

NI 9263

Figure 3.12 - Block diagram of the acquisition system

In order to permit the user to select the test parameters and visually monitor the information,
an acquisition software interface was developed. Sampling rate was set to 100 kHz. At the
end of the test, the acquired data were saved in a file. For every test, the following data were

acquired:
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Table 3.3 - Acquired channels specifications

Device Data Resolution Measuring Range
Differential LDV Relative Displacement | 0.01 um +160 pm
Differential LDV Relative Velocity 0.001 mm/s + 25 mm/s

Load Cell Load 0.09 kN 0—-30kN
Piezoelectric Actuator | Voltage 03V + 1000 V
Piezoelectric Actuator | Current 0.0003 A +10A
Accelerometer Acceleration 596¢bg +50¢g

3.2.5. Test procedure
All tests were performed operating the piezoelectric actuator in open-loop control [69],
increasing the voltage of the piezo actuator till the maximum voltage and measuring all the
information in the time domain. From the results of the simulation static and dynamic
actuations have been tested. The tests have been performed in a temperature controlled room,
with a precision of = 1 °C. The main purpose of these tests was to characterize the real motion
of a test sample, identifying the main features that need to be under control for reaching

micrometric accuracy.

3.3. Test Samples
The geometry of the test sample is relatively simple: a cylindrical plug of AISI 304 inserted
into a sleeve (Fig. 3.13). The aim is to replicate cylindrical elements (shafts) to be assembled
by press-fitting into cylindrical seats (holes). The sleeve is a 16 Cr Ni 4 hardened steel

cylindrical bushing with an inner collar.
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Figure 3.13 - Schematics of the assembled sample (a) and the plug (b)

The insertion force is applied on the upper surface (D; = 8%02

mm). The central part (D, =
112312 mm) of the plug acts as an axial guiding element: no friction occurs along this central
part thanks to a clearance of at least 0.02 mm between the sleeve and the plug, higher of the
surfaces rugosity (R,=1.6 pm). The hollow part of the plug (D; = 8*°°*mm, D, =
10.125:33 mm), is the location where the interference fit process takes place. The parts are

manufactured with an interference range between 0.04 and 0.07 mm, which gives an

estimated insertion force from 7.2 to 15 kN, using equation (14).

Such a design allows several press tests with a constant interference level to be performed in
series without changing samples. Another advantage is to keep always a constant cylindrical
surface into contact, i.e. an equal interference length. At each test, the plug advances into the
sleeve, but the dimension of the contact area does not vary. With such a design, the contact
surface belonging to the sleeve remains the same, while the contact surface belonging to the

plug changes when the plug advances in the sleeve.

Before the preassembly of the sample, both plug and sleeves were cleaned by an ultrasonic
cleaner, in order to remove dirt particles and grease resulting from the manufacturing process;
this allows to improve process repeatability, which may be compromised by varying surface
cleanness conditions. Experimentally it is difficult to establish the type of sliding mode [70].
For instance, in thick liquid lubricant films, the friction forces are essentially hydrodynamic

or viscous drag forces. However, during the sliding of the plug into the sleeve, it is not
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possible to ensure a defined liquid film thickness. Therefore, the intention of cleaning the

samples is also to perform tests under controlled conditions, eliminating any variability of

the lubrication from part to part.

Before each test sequence, the plug and sleeve are pre-assembled by a manual press, in order

to establish the interference between plug and sleeve.

3.4. Driving Signal for the Piezo Actuator
Three different driving signals were investigated. The first signal represents the typical
continuous stroke of a press; the second signal is the one tested in the simulation of the motion
with the simplified model, that has shown good performance in the reduction of the stick-slip
effect. The last one consists in a sequence of pulses, but in this case, after each period, the

signal returns at zero; in this way, the piezoelectric actuator comes back to its initial position

after each period.

3.4.1. Constant Slope Driving
The Constant Slope Driving (CSD) signal is shown if Fig. 3.14.
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Figure 3.14 - CSD signal

The slope can be changed, thus the higher the slope will be, sooner the maximum extension

will be reached.
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3.4.2. Square Wave Train Impulse
The Square Wave Train Impulse (SWTI) signal is explained as follows (Fig. 3.15).
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Figure 3.15 - SWTI driving signal

This driving voltage is the sum of a constant slope signal and a train of square wave pulses
at certain frequency. The base square wave has a constant amplitude (maximum level) and a
null minimum level. This signal is then summed to the voltage given from the constant slope

signal.

3.4.3. Amplitude Modulated Sinusoidal Driving
The Amplitude Modulated Sinusoidal Driving (AMSD) signal is presented in Fig. 3.16.



Characterization of Motion in Interference-Fit

1000

900

800

700

600 '

400 s
300 n
200 A

oo UL
(BRI

Piezo Voltage [V]
th
(=]
[=]
3

—

== AN
-

Time [s]

Figure 3.16 - AMSD signal

The driving voltage is a sinusoidal wave which amplitude increases linearly with time. The
minimum of the voltage for every period is 0 V. Such highly dynamic driving signal permits
a different approach because the piezo actuator returns to its initial position at the end of each

period, allowing a step-by-step process.

3.5. Results
When a CSD signals is applied (Fig. 3.17), several phases of the press-fit process can be

observed. During an initial phase (1), an elastic compression of the sample and the structure
occurs. When the static friction force is exceeded, the relative movement of the two pre-
assembled part starts. This causes a sudden decrease of the load, due to the change from static
friction to dynamic friction. After a short transient, the force remains almost constant for all
the remaining stroke of the actuator (2), as it is typical of sliding friction. Att=10 s the driving
voltage is brought back to 0 V in 0.5 s: the load applied to the sample is released (3). The
initial elastic deformation obtained by preloading the system, F(t=0)=3.8 kN, is partially
recovered at the end of the test, F(#=12)=1.8 kN. This initial elastic deformation comes from
both the compression and the bending of different parts (sample, structure and actuator). The
elastic deformation must be taken into account otherwise a systematic error will arise in the

final positioning of the plug after releasing the press load.
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Figure 3.17 - Load (red) and displacement (blue) during a test with CSD signal

The slope of the displacement during the phase of irreversible motion, in other words the
insertion velocity, was calculated (14.9 pm/s) and then compared to the velocity of free stroke
of the piezo actuator, driven with the same voltage (no resistant load) which is 14.3 pm/s

(Fig. 3.18).
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Figure 3.18 - Comparison of the displacement curves during two different tests: CSD signal test and
free motion of the piezo actuator

The velocity is almost the same and it demonstrates that the irreversible motion occurs. Thus,

the relative velocity could be used as an indicator of the effective insertion of the plug.
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The accurate detection of the start of the relative motion is a necessary condition to obtain an

accurate final positioning. The more precise the detection is, the more accurate the

positioning will be.

Driving the piezoelectric actuator with SWTI signal, Fig. 3.19 shows that the main features
are the same seen with CSD signal; no particular differences are visible especially
considering that, with these samples, the stick-slip effect between plug and sleeve is not

evident.
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Figure 3.19 - - Displacement (a) and Load (b) measured during an SWTI driving of the piezo
actuator

A measurement (displacement and load) for an AMSD signal test is reported in Fig. 3.20.
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Figure 3.20 - Displacement (a) and Load (b) measured during an AMS driving of the piezo actuator

For the first cycles (¢ < 6s), the actuator strokes do not generate load levels larger than the
static friction force. Therefore, the cycles are exclusively composed of elastic deformation
and discharge with no irreversible relative motion of the plug into the sleeve. Indeed, the load
and the displacement return at their initial values at the end of each period. When the static

friction force is exceeded (¢ = 6s) the load and the displacement signals do not return back to
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their initial values at the end of the loading cycle: an irreversible motion has occurred. The
ongoing plug insertion during the dynamic press-fitting process can be evaluated through
observing the displacement at the end of each loading cycle. Therefore, even in this case, it
is crucial to determine the start of the irreversible movement: one indicator could be the

reduction of load.

The results of the experiment show that the elastic deformation has a substantial influence on
the final positioning uncertainty. For this reason, it is important to exactly identify the start
of the relative motion, i.e. the transition from static to dynamic friction. For the constant slope
driving of the piezo actuator, a run-in phase during which the friction coefficient changes

from the static value to the dynamic was observed.

Also, for the amplitude modulated sinusoidal driving, the beginning of the insertion can be
identified through the envelope of the minima of the pulsating force signal. The identification
of the start of the irreversible relative displacement between plug and sleeve opens

possibilities to develop an interference press fit achieving micrometric accuracy.

In particular, based on the knowledge acquired by these fundamental experiments, in the next
chapter, two different closed-loop algorithms controls for the piezoelectric actuator will be
implemented in the electronic system management. The evaluation of the error in the final
positioning will be investigated more precisely as well as the error in a specific functional

performance which may characterize the component being assembled more accurately.



4. Full Scale Prototype Press

The first tests made with the piezoelectric actuator have determined that the two key elements

for the realization of an accurate press-fitting process are:
a) the accurate detection of the start of the irreversible relative motion of the mating parts
b) the compensation of the spring-back effect

In order to develop a smart automatic press-fit station, a new prototypal version has been
developed, based on the findings of the initial studies and the corresponding analysis [71].
Such a design has permitted to generate automatically the preload and to actuate the
piezoelectric device, in order to reach the selected setpoint. In this chapter, the new
configuration will be highlighted and the incorporated closed-loop controls, based on the
previously mentioned driving signals, explained in detail. These two control models will be
compared against, to choose the one that assure the best performances in terms of positioning

accuracy.

4.1. Configuration of the Press-Fit Station
A schematic drawing of the upgraded automatic press-fitting station is provided in Fig. 4.1.
The hybrid actuator consists of the piezoelectric device mounted in series to a hydraulic
cylinder with a maximum stroke of 200 mm and maximum force of 42 kN. The piezoelectric
element and the hydraulic cylinder are mechanically linked by means of a piezoelectric load
cell which allows to measure the force generated by the press, both in quasi-static and in

dynamic conditions.

The actuator acts on a axially guided punch in order to avoid radial loads, which could
damage the actuator. The punch and the axial guide are not represented in the Fig. 4.1 in

order to simplify the schematic drawing.

~T74 ~
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Figure 4.1 - Schematic of the press-fit station

4.1.1. Mechanical concepts

The core element of the press prototype remains the piezoelectric actuator. In order to
overcome the main disadvantage of these devices, i.e. the limited stroke, a hydraulic cylinder
has been added. Positioning devices combining a piezoelectric element with a large operation
range actuator have been documented by several authors [72 — 74]. For our purposes, a

similar approach is used to realize a hybrid press unit.

The hydraulic cylinder is equipped with a clamping device which can lock the rod of the
hydraulic actuator at a given position. The clamp works mechanically by frictional contact:
a spring acts on a clamping sleeve which holds the rod radially by friction. Instead the
hydraulic releasing pressure acts on the clamping sleeve, lifting it against the resistant force
of the spring. When the cylinder is clamped, it behaves as a fixed reference frame for the

piezo-actuator. In this condition, only the stroke of the piezo-actuator is permitted.

The proposed press-fit station works through several phases, in which either the hydraulic
cylinder or the piezoelectric actuator is used. The entire pre-loading of the sample is done by

the hydraulic actuator. After this initial phase, by blocking the rod motion with the clamping
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device, the piezoelectric actuator is used to perform the plug insertion, down to the required

set-point.

Fig. 4.2 depicts the driving process of the press-fitting station where X is the axial position
of the plug with respect to the sleeve, at the beginning (Xiuiis) and at the end of the test

sequence (Xfinal)-

Xinitial
—p|  Fast Approach (1) 3 Preload (2) P Clamp (3)
Hydraulic Cylinder Phase
PiezoActuator Phase PressFit(4) |«
Hydraulic Cylinder Phase
= Xfinal
Unclamp (5) »| Load Removed (6)  |—————p

Figure 4.2 - Test sequence

The driving process can be described as follows:

e Approach: The cylinder is guided near the top of the sample with a position control
strategy.

e Preload: The preload is generated by the hydraulic cylinder with a load control
strategy.

e Clamp: The clamping device brakes the cylinder to block the motion of the rod.
e  Press-Fit: The piezo performs the press-fit until the position set-point is reached.
e Declamp: The cylinder clamp is released: the motion of the rod is permitted again.

e Load Removed: The preload is removed: the sample returns to a free-load

condition.
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4.1.2. Electric/Electronic hardware

4.1.2.1. Sensors
The position of the press punch is controlled by mean of a potentiometer position transducer.
The operating principle is displayed in Fig. 4.3; the output voltage is linearly proportional to

the displacement thanks to the sliding contact that changes the resistance of the circuit.

M— < i<

Figure 4.3 - Operating principle of a potentiometer position transducer

This kind of transducer is affected by a signal noise related to the ageing of the sliding
contacts, thus decreasing its accuracy. Anyway, for the approach phase no extremely high

accuracy is needed.

The force is controlled with the same load cell used in the piezo actuated prototype as well
as the relative position and velocity during the press-fit phase with the fiber optic differential
LDV. In this instrument, the measurements of velocity and displacement are independent: in
fact, velocity is obtained by demodulating the Doppler beat signal whereas the displacement
comes from a fringe counting [75]. With this technique, the displacement is measured with a
remarkable resolution, down to a fraction of the laser wavelength A (in this case a laser He-

Ne having A=632 nm).

The working oil was supplied at the press-fit station and the pressurization of the internal

circuit commanded by the bench, using the control software.

4.1.2.2. Test bench control system
The control unit used is a National Instruments embedded real-time controller for advanced
control and monitoring applications, called cRIO (compact Reconfigurable Input Output).
The used cRIO 9024 combines a real-time processor with an 800 MHz CPU and a
reconfigurable Field-Programmable Gate Array (FPGA) within the same chassis for

embedded machine control and monitoring applications.
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The cRIO controller features two processing targets:
1. areal-time processor for communication and signal processing

2. an FPGA for implementing high-speed control and customized timing and

triggering directly in hardware

\ 4

Analog /O

Real-Time
Processor

FPGA

v

Digital /O

v

Figure 4.4 - Architecture of a cRIO

Another advantage of this architecture is the modularity of the interfaces with the real world.
Indeed, cRIO offers a series of modules, for connection with sensors or buses and providing

analog and digital I/O. In the presented layout, the following modules, have been installed:
e Nr.2,NI9215, 4 channels, =10V, 16 bit, Simultaneous Analog Input
e Nr.1,NI9263 4 channels, =10V, 16 bit, Analog Voltage Output
e Nr. 1,NI9421, 8 channels, 24 V, 100 us, Digital Input
e Nr. 1,NI 9401, 8 Bidirectional Channels, 5 V/TTL, 100 ns, Digital I/O
e Nr. 3, NI 9472, 8 channels, 24 V, 100 us, Digital Output

The above-mentioned control system is able to control the valves for the pressurization of
the hydraulic circuit, the proportional valve of the cylinder, that drives the motion of the rod,
acquire all the analog signals necessary for the position control and generate the driving

voltage for the piezo.
The accuracies of the acquisition chain of the inputs are shown in Table 4.1:

Table 4.1 - Measurement devices used for feed-back control in the press-fit station

Device Input quantity Accuracy | Resolution | Measuring Range

Differential LDV | Relative 2% 0.01 pm + 160 um
Displacement

Differential LDV | Relative Velocity | 2% 0.03 mm/s + 50 mm/s

Load Cell Load 1% 0.09 kKN 0—30KkN
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4.2. Control Models

Starting from CSD and AMSD driving signals and their specific characteristics shown in the
tests with piezo actuated press, two alternative position control strategies have been
developed. The first approach tries to improve the performance of state of the art presses, in
which the progression of the punch is monotonic. The second algorithm follows a different
approach, using a dynamic actuation that permits to control the status of the assembly after

each operational period.

4.2.1. CSD control loop

In this closed loop control, the feedback control variable is the irreversible relative motion
X(t)i; this quantity is indirectly measured by acquiring the total relative motion and
subtracting the spring-back effect. Such a procedure needs the precise measurement of the

applied force, which allows to detect the onset of sliding between the two parts.

The detection of the start of the irreversible relative motion is based on the analysis of the
load time history F(z). In Fig. 4.5 the measured load history is shown, compared with the
theoretical one, that follows the Coulomb model of friction with stiction. When considering
the ideal Coulomb model, the transition from the static to the dynamic friction coefficient is
instantaneous. However, several authors [76 — 77] have published that such a transition in a
real process is not abrupt. Indeed, a continuous transition of the friction coefficient from static
to dynamic exists. This represents a typical transient situation, called run-in phase, which
always occurs before reaching the steady state dynamic friction during the sliding motion of

two surfaces above each other.

During the movement, the beginning of the irreversible relative motion between the parts
occurs and the current assumption is that the starting point of the irreversible motion is

defined by the inflection point of the run-in phase.
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Figure 4.5 - Measured load time history and Coulomb friction model. Evaluation of the inflection
point corresponding to the assumed start of the relative motion

The implemented controller is based on a discontinuous-action control method. The control
loop presented is a two-position (on-off) loop, thus the controlled action can only be activated
or deactivated. The active control variable is the supply voltage of the piezo actuator, which
varies during the process, following the assigned slope. The voltage increases and the
displacement of the piezo actuator follows with it. The controlled variable is supplied till the

difference (error e) between the setpoint and the measured irreversible displacement is equal

to zero.

X(t)riezo
Piezo Actuator Sample *

e>0->Piezo ON

e<0->Piezo OFF

F(t)

|

Load Cell

{ Elastic X(t)ror g
I Deformation [+~——— - _ — LDV

Figure 4.6 - Workflow of the control loop algorithm for the Constant Slope Drive
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Figure 4.6, X(#) represents the axial displacement of the plug with respect to the sleeve, F(?)
the insertion force and e the difference between the set-point Xzgr and the irreversible

displacement X(?);zr.

As shown in Figure 4.7, the control of the observed error with respect to the set-point is done
within the FPGA environment, while the inflection point calculation is performed in the Real-

Time environment.

FPGA i Real-Time
Sta\l"t Il‘)rlvsng Find FIFO data Polynomial
0 ag'e of Load transmission Interpolation
Generation l
1* Order
Derivative
Receive time e l -
Calculation of e index of ko
inflecti int of Derivative
inflection pol

Set Point
Reached?

YES

Stop Ramp
Generation and
Discharge Piezo

Figure 4.7 - Schematic of the implementation of the control loop for the Constant Slope Driving

4.2.2. AMSD control loop

Based on the results and the analysis of the previous tests, it is reasonable to divide the load

history in three different phases, as shown in Fig. 4.8:

1. Elastic cycles: the piezo stroke (and load) is not enough to exceed the static friction
resistance. These cycles are composed of an elastic deformation and a return to the

initial state. Thus, at the end of every cycle, the load returns to its initial value.

2. Transition cycle: during this cycle, the static friction force is exceeded causing an

irreversible relative motion.

3. Press-fitting cycles: by further increasing the stroke, the plug continues its

progression inside the sleeve. The load value decreases at the end of each cycle until
it eventually reaches the no load conditions (0 N). Due to the irreversible motion,
the plug has changed its position, increasing the recovery of the elastic deformation

during the discharge phase.
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Figure 4.8 - Different phases of the load history during a typical AMSD test

The starting point of the irreversible movement is characterized by a load reduction at the
end of an AMSD cycle. The algorithm is shown in Fig. 4.9 and it was implemented entirely

in the FPGA environment of the controller.

FPGA

Fmin
Start Drivlng‘voltage Find Mini of Load
Generation

l NO
Take the first minimum | Freference Actual

of Load as a reference Value<0.95
Ref?

YES

Figure 4.9 — Initial workflow of the algorithm for AMSD signal

Dedicated tests have indicated that during the elastic cycles phase, a small increase in the

displacement occurs (Fig. 4.10).
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Figure 4.10 - Increment of the displacement during elastic cycles

Initially, this rise of the displacement has been associated with an elastic phenomenon. In
order to better enquire into this topic, some tests have been realized without reaching the
static friction load, thus remaining in the elastic field; in principle, no relative motion should
be observed. However, experimental evidence is different: in Fig. 4.11, the piezo actuation
phase shows a small drift of the displacement around 1.3-1.4 pm. By measuring the final
position at the end of the test sequence, after the removal of the load, an irreversible
displacement of 1.4 pm was indeed measured and verified. These results show that even

without reaching the static friction force a small displacement occurs.
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Figure 4.11 - Pre-sliding phenomenon measurement with Fpiezo=20 Hz
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This so called “pre-sliding” has already been reported in [78]. The study reveals two sliding

friction regimes:
e  Pre-sliding regime
e  Gross sliding regime

In the pre-sliding regime, the adhesive forces, owing to asperity contacts (surface roughness),
are dominant and the friction coefficient, which according to the Coulomb model should be
constant, actually changes in function of the displacement. This is due to the fact that the
asperity junctions on rough surfaces at micrometric scales deform elasto-plastically, thus
behaving as nonlinear hysteretic springs. With the increasing of the displacement and of
given force, more and more junctions break and have less time to reform, resulting in gross

sliding regime.

The pre-sliding is therefore a hysteretic behaviour [79 - 80] and it arises primarily from
micro-slip, that is, the breaking of adhesive contacts. The intensity of this effect with respect
to the elastic deformation depends primary on the tangential stiffness of the asperities which
overall determine the extent of maximum deformation before slip starts. This behaviour can
also be modelled discretely by a parallel connection of Maxwell-Slip elements [81]. During
the pre-sliding phase, the shear stress between two contacting surfaces is not large enough to
break the contacting linkage. The behaviour during the stiction phase can be modelled by a

nonlinear dynamic system.

Thus, after considering this phenomenon which affects the overall relative motion on
micrometric scale, the control algorithm was modified accordingly, in order to compensate

this effect, as shown in Fig. 4.12.
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FPGA
Start Driving Voltage Monitor Load and F(t)
Generation Displacement
1 X(t)
Take the initial Load as | Freference
F(t)SFreference?
a reference

Take the displacement
after the sine period

Stop Ramp
Generation and
Discharge Piezo

Figure 4.12 - Final workflow of AMSD control loop

A reference value of the relative position of the plug with respect to the sleeve is taken at
beginning of the driving cycle. At the end of each sinusoidal cycle this reference is subtracted
to the new measured position, in order to calculate the actual displacement. The displacement
is then compared to the set-point, calculating the error; thus, the driving signal is stopped

when the error has reached the value zero (“0”).

4.3. Experimental Results

4.3.1. Test Procedure
The test plan was designed to have almost identical conditions for comparing the
performance of both control strategies described above, in order to compare the final
positioning error and evaluate the overall performance of the control loops. Both control
models were tested using the same procedures for the approach, preload and discharge

phases.

For this purpose, a design-of-experiment (DOE) approach was set-up, considering different

driving signals parameters (slope, frequency) and different set-points as key paramters.

Eight different set-points were investigated with both driving strategies: 3, 6, 12, 16, 24, 30,
40, 50 pm.
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For the Constant Slope driving, 6 different piezo drive slopes were used: 1, 1.25, 2.5, 5, 8,
10 V/s.

For the Amplitude Modulated Sinusoidal driving, two series of tests were executed:
e  One driving voltage slope (2.5 V/s) with frequencies: 5, 10, 20, 30, 50 Hz.
e  One driving voltage frequency (20 Hz) with different slopes: 1, 1.25,2, 3,5, 8 V/s.

For every test, the final positioning error was evaluated as the difference between the
measured axial positioning at the end of the press-fit process (Xyess) and the set-point. The

measured axial position was calculated as follow:

(25) Xmeas = Xfinal — Xinitial

4.3.2. Results

4.3.2.1. Constant slope (CSD)
Fig. 4.13 shows the positioning error as a function of the set-points for different driving
voltage slopes. A general trend that emerges from the results is observed by the fact that the
positioning error decreases as the set-point increases. For a given set-point, the positioning
error increases together with slope. The main explanation for these two trends is the delay
for the calculation of the irreversible movement starting point which causes the controller to

stop the driving piezo voltage late.
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Figure 4.13 - Positioning error for constant slope driving tests
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This delay can be divided into two contributes:
1. Collect the sampled data in order to fill the window necessary for the calculation of
the inflection point
2. Transfer the data window from the FPGA to the Real-Time processor and execute
the calculation (polynomial regression, derivative and calculation of its minimum),

in order to find the inflection point.

The first contribution cannot be avoided while for the second one, the speed of task execution
might have a relevant influence and generates a time delay in the following control action
which will manifest itself in a delayed stop of the process, i.e. in a positive positioning error.
In order to study this contribution to the delay, two different calculation rates of the processor
were tested in addition, 100 ms and 5 ms; the second is the maximum rate performable by
the Real-Time controller. For each rate, different slopes of the driving voltage were
investigated, all of them for a set-point of 24 um. Figure 4.14 presents that the real-time
processor velocity has an influence only for largest slopes. For the lower slope test (1 V /s),
the positioning error is very similar for the two processor speeds. This means that this error
(~ 3.3 um) is not depending on the performance of the controller but it is an intrinsic delay,
due to the fact that the data needed for the calculation of the derivative must be collected in
a buffer before derivation is executed. Depending on the acquisition rate, this delay can be
reduced but not be eliminated, therefore this appears to be an intrinsic limit to the control

process.
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Figure 4.14 - Comparison of two processor rates for a set-point of 24 um
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4.3.2.2. Sinusoidal modulated (AMSD)
When testing different driving frequencies (Fig. 4.15), it appears that it is difficult for low
frequencies (5 and 10 Hz) it is difficult to keep the relative motion of the plug during its
stepwise motion under control. By increasing the driving frequencies (20, 30 and 50 Hz), the
positioning error decreases continuously. However, if the setpoint is lower than 10 pm, a
relatively poor accuracy on the positioning has been observed, even for large driving

frequencies.

Slope 2.5 V/s

]

Positioning Error [pum]

'
(3]

0 5 10 15 20 25 30 35 40 45 50 55
Setpoint [um]

| = 5Hz = 10Hz +20Hz +30Hz > 50Hz |

Figure 4.15 - Positioning error for AMS driving tests for different slopes frequencies

This is due to the first steps after the static-dynamic transition of the friction coefficient,
which are much larger than the following ones, which occur with a constant dynamic friction
coefficient (Fig. 4.16). It is worth to note that the minimum error for 50 Hz and 2.5 V/s slope

is in range -1/+1.5 pm.
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Figure 4.16 - Load-displacement curve during the first steps of a AMSD test

When the frequency is set to a higher value (50Hz) and different driving voltage slopes are
investigated, see Fig. 4.16, positioning errors in the range +2/-1 um are found for slopes

lower than 5 V/s.
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Figure 4.17 - Positioning error for AMS driving tests for different frequencies

4.3.2.3. Comparison of results
The CSD and AMSD control strategies are finally compared in Fig. 4.17. For the Constant
Slope Driving voltage, the tests have been done with low driving voltage slopes (1 and 2.5

V/s) to avoid the influence of the control loop speed. Several repetitions have been
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performed, using different samples. For the AMSD tests, a frequency of 50 Hz was used to
better control the initial big steps during static-dynamic transition of the friction coefficient.
With the two driving voltage slopes used, the final positioning error is lower for the AMSD
algorithm than for the CSD algorithm. For example, in Fig. 4.17b, the minimum error with
the Constant Slope Driving is of 3 pm while the maximum absolute error of AMSD is only

1.3 pm for the same setpoint (16 um).
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Figure 4.18 - Comparison of the positioning errors for a slope of (a) 1 V/s and (b) 2.5 V/s of the
driving voltage

The higher accuracy of the AMSD algorithm can be explained by analysing the envelope of
the displacement maxima during an AMSD test (Fig. 4.18). The signal is similar to the
displacement signal during a CSD test. It is not possible to discriminate the elastic
deformation from the pre-sliding when using a CSD control strategy. Instead, with an AMSD
control, the piezoelectric actuator removes the load to the part being pressed at the end of
each period. Thus, AMSD control strategy allows a direct estimation of pre-sliding motions

which cannot be evaluated when a CSD control is used.
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Figure 4.19 - Envelopes of the maxima and minima of the displacement for a test with the AMSD
control

With the presented press-fit station prototype a large operation range is possible as the result
of the combined action of the hydraulic cylinder, which ensures a long stroke, and a fine
positioning resolution, provided by the piezoelectric actuator. The layout also allows a

complete automation of the process in terms preload and assembly capability.

Major focus has been put on two different driving of signals for the piezoelectric actuator,
which allow to apply respectively a continuous load and a discontinuous load. They have
been compared using the final deviation between the set-point and the actual position of the

plug into the sleeve as a key performance indicator.

The comparison of the results offers a smaller positioning error with the AMSD control
strategy. This is mostly due to the fact that with the AMSD control strategy it is possible to
detect and to take into account the pre-sliding effect. This phenomenon is indiscernible with

the control loop based on the AMSD signal, for set-point values ranging from 3 to 50 um.



5. Application Case 1: Dry Calibration of
GDI Injector

A series production GDI injector is depicted in Fig. 5.1 [82]. The filter is assembled to the
injector body by interference fit. Even between the adjustment sleeve (AS) and the internal
pole the interference fit occurs; thus, changing the AS position the injector behaves
differently due to a different spring preload. The spring acts on the armature that lifts the

needle once the solenoid coils are excited by current, by means of a stop rig.

TERMINAL

SEAL RING STOF SLEEVE

ARMATURE

SPRING CONMECTOR MOLD

VALVE NEEDLE

VALVE SEAT

COMPENSATING RING | STOF RING

SUFPORTING DISC
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FILTER

SPRING (AFW)

INTERNAL POLE
CONNECTING SLEEVE

VALVE BALL VALVEHOUSING  SPRING - LOCATOR HOUSING COVER ADJUSTMENT SLEEVE

Figure 5.1 - Main components of a GDI injector

The process for calibration of such type of GDI injectors is currently based on the assembly
of the AS that modifies the preload of the spring; the correct final position permits to assure

the target injected quantity.

The operation fluid used is a liquid, for instance Exxol or N-heptane as replacement of
gasoline; these of fluids have similar fluid-dynamic characteristic than gasoline with more
repeatability of performances and pose less safety issues. However, even these fluids are
inflammable, toxic and need safety requirements for the use and the management that

increase costs.

Safety issues would be completely removed if a safe fluid could be used for injector

calibration. The use of a gas such as nitrogen appears promising, also because it would avoid

~02 ~
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the need to clean the injectors after the test, prior to packaging, because the process would

become completely dry.

The so-called Dry Calibration process aims to use Nitrogen as a working fluid for the
calibration process of GDI injector in the ballistic region. The choice of the ballistic region
is due to the fact that the calibrating along the linear region does not assure small errors in
the low fuel delivered region. This means that the real behaviour of the injector can be highly
different from the nominal one in that portion of characteristic curve. With the new emissions
regulations, the small quantities have increased their importance and this error cannot be
accepted anymore; the injectors need to be calibrated for having lower errors at small

quantities in order to be more predictable in terms of behaviour (Fig. 5.2).
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Figure 5.2 - Error respect to the target quantity of a batch of GDI injectors calibrated in the linear
region (ET <0.6 ms)

The ballistic region is characterized by non-linearities and large sensitivity to the AS position
that require high accuracy in the positioning; this is an advantage in the calibration process,
because it will provide more sensitivity to positioning errors, therefore enabling for a better
repeatability of the calibration process. As shown in Fig. 5.3, even a difference of 13 um in
the filter position produces a measurable difference in the characteristic curve of the injector,

i.e. in the injected fuel quantity.
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Figure 5.3 - Characteristic curves of a GDI injector for different filter position

The use of a different fluid for calibration poses a question of correlation between gas (dry
calibration) injected quantity and liquid (wet calibration) injected quantity. The correlation
between the performance of the injector operated with different fluids can be based on
experiments. Therefore, the goal of the developed process is to calibrate a batch of injectors
in dry conditions (Nitrogen), in the ballistic region, and check that the re-test in liquid (N-

Heptane) stays within an error range less than +15%.

The activities were divided as follow:

e Flow Correlation > A batch of 10 injectors “wet calibrated” was used to find the

Nitrogen vs. N-heptane correlation and the best dry conditions
e Dry Calibration 2> A batch of 9 injectors were dry calibrated with Nitrogen

e Final Measurement - N-Heptane measurement were done on dry calibrated

injectors, checking batch dispersion in the ballistic region (target <#15%)

In the next section the measurement setup for the injector characterization in Nitrogen will
be highlighted; afterwards a correlation between liquid and gas in different functional regions

will be presented. After the definition of the target quantity, the process will be detailed and

the final results discussed.
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5.1. Measurement System for Injected Fuel Quantity
The previous chapters have displayed how the tighter emissions regulations have led to the
development of more efficient injection systems for an improvement in the combustion of
ICE. The ECU needs to determine the correct injection parameters, based on both the
functional conditions and the requested performances. However, for this operation, the ECU
needs to know how much fuel is injected for a certain ET and, using an open loop
configuration, an accurate characteristic curve of the injector has to be implemented. This
curve represents the ideal performance of the injector: a real component will behave
differently. This requires the measurement of the real performance of every injector, taking
into account the measured offset in the ECU. Thus, at the end of line testing of the injector

manufacturing process, a measurement of the injected quantity is needed.

This can be done by calculating the average quantity of a fixed number of shots; however,
after performing multiple injections and averaging the results, information related to the
injection of a single shot will be lost. In order to overtake this problem, the injection rate
(Fig. 5.4) needs to be known; this permit to calculate the injected quantity for every opening
period of the injector. An instrument with this characteristic is called “Shot-To-Shot” device

(STS).
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Figure 5.4 - Injection rate of a GDI injector

The STS device is not the only component of the measurement chain: the injector needs to
be driven in terms of excitation current and needs to be fed with a testing fluid at the correct

pressure. Fig. 5.5 shows the schematic of the setup used for the injector characterization.
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Figure 5.5 - Schematic of the measurement setup for GDI injector characterization

In the following section the features of the two core elements used in the application case

will be explained in detail:
e the STS device

e the injector driver.

5.1.1. Shot-to-Shot device for fuel injector fed with a gas

Loccioni’s AirMexus (Fig. 5.6) is an integrated and multifunctional injection measurement
instrument [83 — 84] that can measure both the fuel injection quantity and the injection rate

for every single shot.
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Figure 5.6 - Loccioni AirMexus

The injection mass rate is indirectly calculated by means of the measurement of temperature

and pressure inside the test chamber.

The test chamber is modelled as a zero-dimensional control volume equipped with an inlet
and an outlet (Fig. 5.7). With this approximation all the variables inside the volume are

intended constantly distributed within the volume and dependent only on the time.
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Figure 5.7 — Schematic of AirMexus measuring chamber
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Thus, it is necessary to determine the analytic expression of the mass rate as a function of the
temperature and the pressure inside the chamber. The mass inside a constant volume chamber

can be expressed as follows:
26) M= pV

Considering the continuity equation of a volume with an inlet and an outlet:
@27 M = Mgy,

where m;, is the injected quantity rate, 1m,,,; is the mass that flows outside the control volume
M . L S .

and d_ztw is the mass variation inside the volume. Considering the gas behaviour, as

approximated by a perfect gas by (28), the variation of mass can be expressed as shown in

equation (29):

28) p=—

@ T=va(®)

The mass flow of the outlet port can be expressed as follow:
(30) Moy = PUT

where p is the density, u the gas velocity and o is the effective orifice area also called vena
contracta area. Considering a compressible flow, stationary, mono-dimensional, isentropic

and sonic, the equivalent mass rate can be expressed as follow:

k+1
B _ Po 2 k-1
(31) Moyt = O-S\/R_TO k (k+1)

where R is the specific gas constant, k is the isentropic dilatation coefficient (k = C—p), Do
4

and T, the total pressure and temperature inside the chamber respectively.

Using (29) and (31) in the (27) the injected quantity can be expressed as:

k+1

(D) i =)+ o5 [k ()

Using the adiabatic condition for the pressure derivative (see Appendix), the (32) is expressed

as follow:
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k+1
. VvV dp 14 2 \k-1
(33) iy = = Lo [k (L)
kTR dt J/RT, k+1

The hypothesis of a zero-dimensional system means in detail, that the velocity field is always
zero; thus, the total pressure and temperature are the same of the static ones. The equation

(33) can be expressed in the following manner:

k+1

(G4) 1y, = —2 4 gL k("')E

~rrac * OSTRT k+1
By introducing two constant, C; and C», defined as:

G35 G

k+1

[ 2 \k-1
G6) G =7 k()

The equation (34) becomes the following:
. dp(t
BN 1 =G24 Cyp(n)

The analytical expression (37) is used to calculate the injected mass flow rate. For this

purpose, the calculation of C; and C; factors is necessary.

The C; factor is computed through (35) knowing the chamber volume and the gas properties

and measuring the temperature in the test chamber.

Factor C; cannot be obtained directly from (36) because the vena contracta area o can be
found only empirically. Therefore, equation (36) when m;,, = 0; in other words, when the

injector is not injecting.

= ¢, ®® - _c L a®
(38) 0=CT-+Cp®) = G=-Co570

The inlet flow is zero when the injector is in the closing configuration (Fig. 5.8); theoretically
it is sufficient to determine p(?), its time derivative and the value of C; at any time in which

the injector is in the closing configuration.
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Figure 5.8 - Closing condition used for calculation of Cz

The pressure values in the measurement chamber p(?) and the values obtained by its

dp(t)

derivative ——
dt

allow, by the procedure described, to calculate the mass flow rate.

5.1.2. Injector Driver

The injector drive pulse was generated by the Loccioni universal injector driver: labelled as
“Jupiter”. This injector driver system is an electric generator of various current profiles, able
to cover a wide range of needs for stimulation of injectors and valves in automotive
application. The user interface permits to program the profile, editing the main features in

terms of time, current and voltage, as shown in Fig. 5.9.
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Figure 5.9 - Current and voltage profile shape
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5.2. Correlation between Wet and Dry Measurement
For the development of the dry calibration process, it is necessary to identify the correlation
between gas injected quantities and liquid injected quantities. The two selected working
fluids are N-heptane (liquid) and Nitrogen (gas). Different aspects have been investigated to
understand the sensitivity of the dry measurements to changes in characteristic variables.
First, the characteristic curves have been correlated to demonstrate the feasibility of using
gas instead of liquid for the injector characterization. Then the influence of the spring load
has been studied. This is done by means of the adjustment sleeve press-fit, reaching a final
position that impresses a preload to the spring connected to the AS. Finally, the correct
parameters for improving the correlation in the ballistic region have been analysed, finding

the appropriate current profile and injector feeding pressure.

This study is fundamental, in order to safeguard the correlation between dry and wet
measurements; in this way the N-heptane target quantity for the calibration can be transferred
in the corresponding the Nitrogen target, ensuring only a marginal error. In Fig. 5.10
characteristic flow curves of a GDI injector fed with both N-heptane and Nitrogen are

presented. Along each of these curves three different regions can be detected:
e Linear region [0.7 — 3 ms]
e Rebounds region [0.35 — 0.7 ms]

e Ballistic region [0.28 — 0.35 ms]
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Figure 5.10 - Characteristic flow curve of GDI injector measured with N-heptane and Nitrogen
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At low ETs, the so-called ballistic region is dominated by non-linearities. This region is also
characterized by the fact that during the opening of the injector the anchor and consequently

the needle of the injector do not travel for the entire stroke till the pole piece.

Then the maximum stroke of the needle is reached, that touches the pole piece and several
bounces occurs. This determines a different opening positions of the injector and an
associated fluctuation of the injected quantity. Thus, even in this region are non-linearities
given, but the static condition, when the needle is in the maximum strike position is

increasing its predominance within the driving pulse period (i.e. the ET).

For larger ET the injector is in the maximum opening position for the most part of the pulse
width; the non-linearities can be neglected and the injected fuel quantity can be approximated

as a linear function of the energizing time.

The regression of the injected quantities in N-heptane and Nitrogen shows a strong

correlation for both linear and rebounds region (Fig. 5.12).
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Figure 5.11 - Linear correlation between N-heptane and Nitrogen in a) rebound and b) linear region

These results open the possibility to find a good correlation even in the ballistic region, which

represent the region of interest for the dry calibration process.

Thus, a dedicated test campaign was performed in ballistic conditions. A batch of 10 injectors

was analysed; these injectors have been calibrated with the standard wet process.

~ 102~



Dry Calibration of GDI Injector

For this batch the following procedure has been followed:
e  Measure the N-heptane injected quantity using a STS device
e  Measure the Nitrogen injected quantity using a Loccioni AirMexus
e Identifying a common ballistic region for all the injectors

e Selection of the ET to have the same number of test points both for n-heptane and

nitrogen

The injected quantities are plotted for all the pulse widths and all the injectors within the
common ballistic region, in Fig. 5.12. A linear regression was then performed in order to
estimate the coefficients to predict the N-heptane injected quantity from a Nitrogen injected
quantity. The prediction error was calculated for all the injectors, reporting the Mean
Absolute Error (MAE). The correlation analysis was made for all the test conditions. The

Pearson correlation coefficient p,, (sometimes referred as Pearson’s r) was used, defined as

follow:
(39) Pry = Y =D vi-y)
X
Y 0oy
where:

e nisthe sample size

e x;, y;are the single samples indexed with i

%Z?ﬂ x; (the sample mean); and analogously for y;
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Figure 5.12 - Dispersion of the injected quantities in Nitrogen and N-heptane
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For each pulse width, the Pearson correlation coefficient was calculated, in order to identify

the ET that maximizes the correlation.

Table 5.1 - Comparison of pulse widths for maximization of Pearson coefficient

Mean
ET N2 N-h]j'li‘:ane Pearson Absolute

P Pry Error
[ms] [ms] %
0.472 0.38 0.76 8%
0.474 0.39 0.7 8%
0.476 0.4 0.56 8%
0.478 0.41 0.46 7%

By averaging the injected quantities of the reference batch, the target quantity for the

calibration process was derived (Fig 5.13).
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Figure 5.13 - Target calculation for dry calibration

In this phase the feasibility of the correlation between dry and wet measurements of the
injected quantity for GDI injector has been investigated. The result is in the target quantity
in Nitrogen that is the setpoint of the dry calibration process. Using the correlation, a small

error using a gas instead of liquid was introduced, in this case 8% of MAE.
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5.3. Dry Calibration Process
In this section the new proposed process will be highlighted and the results will be discussed,
in order to demonstrate the reduction of the error that can be achieved by calibrating a batch

of injectors in the ballistic region using Nitrogen as operating fluid.

The high sensitivity of the injected quantity to the position of the AS in the ballistic region
requires to use a really accurate press system to fulfil this specific requirement. Furthermore,
the injected quantities are comparably small and a high-resolution device for flow rate
measurement is ultimately needed. The process goes round these two core elements (Fig.

5.14), performing the assembly of the part and then measuring the functional performances.

e/

Figure 5.14 - Configuration of the dry calibration test bench

5.3.1. Developed process
The process is characterized by an iterative process, based on two control loops (Fig. 5.15),
one for the positioning of the fuel filter and one for the injected quantity. In practice the press-
fit of the fuel filter is done in one iteration, reaching the position setpoint; after this step, the
current injected quantity is measured, in order to compare the measured value with the target

quantity. The iteration continues till the injected quantity matches the target value.
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Figure 5.15 - Schematic of the double control loop

With the target value found in the correlation phase, nine uncalibrated GDI injectors
underwent the proposed process. Then, the injectors have been tested in N-heptane for the

wet characterization, in order to check the fulfilment of the target in liquid.

The estimation of the needed position delta to reach the quantity target has been implemented
as a linear regression of the injected quantity with respect to the AS position, calculated as
the cumulative of the setpoints given to the press. Thus, the idea is to start with large setpoints
and reduce the step size after each iteration. Fig. 5.16 reports the error in the assembly of the

real final position with respect to the setpoint.
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Figure 5.16 - Accuracy of the press-fit

The AMSD control is able to achieve the shown performances using samples, even for real
components. In the next section the obtained results regarding the injected quantity will be

exposed in more detail.
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5.3.2. Results

Fig. 5.17 provides the comparison of the dispersion and the MAE for two different injector
batches:

e 10 injectors, calibrated at 0.6 ms (linear region) with the standard wet process

¢ 9 injectors calibrated at 0.472 ms (ballistic region) with the new dry process

These injected quantities have been measured in N-heptane to have a retest of the injectors

in liquid conditions that represent the real operational conditions.
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Figure 5.17 - Comparison of error dispersion and MAE of wet calibrated and dry calibrated batch

The dry calibration has reduced the error in the ballistic region by a half, with a little
increment of the error at 0.6 ms, but within a target range of £10%. The calculation of MAE
shows that the curves have been aligned, with respect to the average along the characteristic

curve.

Even the evaluation of the error with respect to the quantity target presents a small deviation

(Fig. 5.18).
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Figure 5.18 - Error of the dry calibrated batch with respect of the quantity target in liquid

These results demonstrate that a complete dry calibration module is feasible for industrial
purposes and with the adoption of the press-fit prototype station a high accuracy in the fuel
filter assembly is reachable. Furthermore, the performances observed during the validation

of the press prototype have been respected even for real hardware components.

The usage of a dry calibration process represents a step towards a more efficient technique,

leading also advantages in terms of:

e  Cost reduction mostly due to the unnecessity of the purge module and the pressure

generation system
e Cost saving for liquid storage & management
e  Energy cost reduction

e Safety & health for operators cost reduction
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6. Application Case 2: Assembly of Needle
Control Valve of CR Diesel Injector

The injector in a common rail system normally consists of the nozzle module, a piezoelectric
crystal for piezo injectors or a solenoid valve for electro-mechanical injectors, as well as

hydraulic and electrical connections for actuation of the nozzle needle.

In a common rail injection system, the high-pressure pump pressurizes the fuel in the rail.
The fuel flows to the injector in two different areas, one on the top and one on the bottom of
the nozzle needle. The two resulting forces are equal, cancelling each other; forcing the

needle to remain in a neutral position by means of a dedicated spring and by hydraulic forces.

The upper area has an outlet duct driven by a command valve, actuated either by a solenoid
or by a piezoelectric. For a solenoid control valve, when the excitation current is engaged,
the electromagnetic effect opens the valve that releases the pressure to the return passage.

The pressure on the bottom area of the injector lifts the needle and the injection starts.
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Figure 6.1 - Operating principle of a solenoid common rail injector

Closing the control valve, the upper area of the injector is pressurized again, the needle goes

down and the injection stops injecting fuel.

Therefore, the control valve is one the main components of common rail injectors; a correct
design is mandatory for a precise control of the injected quantity and a reduction of the

opening and closing delays.
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6.1. Focus on the industrial problem
There are several types of control valves, depending on the injector layout and concept: for

this application case the component is schematically structured as shown in Fig. 6.2, with the
following parts:
1. Valve body
2. Armature
3. Pin
Valve body reference surface

Amature reference surface

a1

53 +/-2 um

1.3

Figure 6.2 - Schematic of the control valve

The pin is guided through the valve body and press-fitted to the armature, where the

interference takes place. Then, the pin head touches the body reaching the final assembly

position. The valve body diameter is bigger than the pin; thus, a clearance occurs.

The target position is taken as a differential height between two reference surfaces, one on
the valve body (red line in Fig. 6.2) and one on the armature (blue line). The final position,

also called Final Air Gap (FAG) has to be 53 pm, with a tolerance of + 2 um.

In order to fulfil this requirement, both an accurate press process and precise measurements

system are mandatory. In the next section the proposed solution will be highlighted.
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6.2. Proposed workflow of the process
Due to the complexity of the problem, the layout of the process has been divided in two

different stations, which work in a sequential and iterative way (Fig. 6.3):
e  Measurement station

e  Press station

2-FAG
1 - Preassembly < Measurement

4 - Final FAG 3 - Final Press-Fit
Control

Figure 6.3 - Workflow of the proposed assembly process

The cycle starts with the preassembly phase, necessary to have the first insertion of the pin
with respect to the armature; in this step it is not necessary a micrometric accuracy. After that
the differential position of the armature with respect to the valve body is measured, in order
to get the final setpoint for the accurate press-fit, where the full scale prototype’s
performances are used. The part is tested again in the measurement station to verify if the

FAG is within expected tolerance or not.

6.3. Development of the stations
The layout of the full scale prototype press combining a hydraulic cylinder and a piezoelectric
actuator is the same as described in Chap. 4. A dedicated tooling system for the control valve
assembly has been designed. The measurement station able of scanning the entire surface of
the control valve was also designed. Fig. 6.4 depicts the measurement station, composed by
two piezoelectric linear stages and a single point triangulation sensor: sample can be moved

over a horizontal plane by means of the linear stages, scanning the surface of the part.
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Figure 6.4 - Layout of the measurement station

The single point triangulation sensor has both a linearity and a resolution lower than 1 pm

while the linear stages are highly performing in terms of flatness (< 1 pm) as shown in the

following table.
Table 6.1 - Characteristics of the equipment of the measurements station
Equipment Range Linearity | Resolution Flatness
Single Point Triangulation 2 mm 0.6 pm 0.03 um -
Linear Stage 1 10 mm - - 0.5 pm
Linear Stage 2 20 mm - - 0.5 pm

6.3.1. Measurement of the armature position

The scanning path of the valve is shown in Fig. 6.5. The red rectangle is the available
scanning area with the linear stages; in this area two straight lines has been chosen as

scanning path, 45° degrees tilted with respect to the reference system.
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Figure 6.5 - Scanning path of the valve

Along these two traces the position has been acquired continuously, triggering the start and
the end of each scanning stroke by using a TTL signal. This signal, sent by the linear stage,
identifies when the stage is in motion. The TTL was acquired by the electronic module of the

triangulation sensor and it was used to synchronize the measurements.
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Figure 6.6 - Synchronization of the position measurement with the scanning stroke
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For each trace 4 windows have been defined (Fig. 6.6), in order to extract the data:
e 2 for the body reference surface (blue circles)
e 2 for the armature (green circles)

The extracted data have been used for a linear fit of the reference surface and the armature
respectively. With these linear regressions the FAG was calculated as the difference between
the two straight lines in the centre point of the valve. For the centre point the half of the pin

was chosen.

6.3.2. Repeatability and reproducibility of the measurement station

A repeatability and reproducibility test has been done, in order to evaluate the performances

of the measurement station. Two different conditions have been tested:

a) 10 consecutive measurements of a single valve without removing the part from the

measurement station

b) 10 consecutive measurements of a single valve, removing and putting again the

valve into the measurement station
¢) 10 consecutive measurements rotating the pin respect the valve body 90° every test

For each test, the repeatability was calculated as follow:

(40) Ry =—2

Tmax—Tmin

Where o is the standard deviation of the measurements, 7. and 7. are the maximum and
the minimum tolerance respectively. For the tilt the tolerance is + 2 pm; thus, the range of

tolerance is 4 um.

In Fig. 6.7, the repeatability results are displayed. For the same installation case (case a), the
standard deviation is 0.01 pm, while mounting the same valve ten times (case b) gives a

standard deviation of 0.19 pm; the part standard deviation (case c) is 0.38 pm.
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Figure 6.7 - Repeatability of the measurements for three different test conditions

All the tests have shown that the standard deviation is within the tolerance thresholds; in
particular the deviation introduced by the measurement station is low, half of the part
repeatability even considering the worst case scenario, 14.3% compared to 28.5% of

repeatability of rotating the pin respect to the valve body.

In conclusion, the measurement station can be considered robust and reliable for the FAG

measurement.

6.4. Results

In order to evaluate the capability of the proposed assembly process, 10 parts have been
tested. The punch that acts on the pin was guided, to avoid any bending moment (Fig. 6.8).
The armature was centred by means of a pin, in contact with a linear encoder length gauge,

in order to measure the displacement of the valve pin.
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A

o)

Figure 6.8 - Valve fixture of the press-fit station

A further linear encoder length gauge with 0.05 um of resolution was used as position feed-

back of the AMSD signal control loop.

For each part, a preassembly was done in order to establish the fastening between pin and
armature by interference-fit. After the pre-press phase the current position of the armature
was measured and the FAG calculated as the average of 4 positions of the pin, 90 degrees
rotate each, in order to set the remaining displacement needed, accomplished with the final
press-fit phase. Driving the piezoelectric actuator dynamically, using AMSD control loop
and measuring the displacement with the linear encoder length gauge the targeted setpoint is
achieved. Fig. 6.9 depicts the force-displacement graph during the press-fit process; after
reaching the static friction load, there is an abrupt acceleration of the pin, due to the transition
between static and dynamic friction coefficient. After that, a steady dynamic friction
coefficient is reached and the displacement steps are more constant and more predictable.
The same behaviour was observed and discussed in Section 4.3.2.2, when samples

manufactured for the control loop validation of were used.
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Figure 6.9 - Force - Displacement curve of a press-fit process of a valve

After this phase, the valve was mounted on the measurement station for the final check of the
FAG. Fig. 6.10 shows the final measurements of the 10 pressed parts with respect to the

tolerance.
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Figure 6.10 - Results of the assembly of 10 valves

All the valves have been pressed within the specifications tolerance; furthermore, the average
is really close to the nominal value of 53 um. The results demonstrate the feasibility of the
proposed process, regarding the position of pin and armature for a solenoid control valve of

CR injector.
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7. Conclusions

The new tightened emissions regulations are increasing the request for optimal performing

engines, able to fulfil the low emission levels demanded in the near future.

Fuel injectors are a core part of the engine and are currently affected by several inaccuracies,
that are nowadays corrected by using different learning functions implemented in the ECU.
In order to obtain more efficient components, a more accurate production process for the

manufacturing of these devices is highly requested and beneficial.

Assembly processes are fundamental in the fabrication of both gasoline and diesel injectors;
a high geometric accuracy is essential for optimal and reproducible operations, especially in

terms of final relative position of the mating parts.

The thesis presents a piezo actuated press, used to characterize the main phenomena that take
place during an interference-fit assembly. The results were used to develop two different
control strategies for the full scale prototype press, a hybrid press-fitting station which
combines in series a hydraulic cylinder and a piezoelectric actuator. The station features a

large operation range and a high micrometric positioning accuracy.

A series of experiments has been carried out, in order to compare the strategies for controlling
the press process: a Constant Slope Driving (CSD) and Amplitude Modulated Sinusoidal
Driving (AMSD). The tests were conducted on custom-designed plugs and sleeves.

Measurements were performed at the same interference pressure.

An analysis of the load and of the relative displacement during the tests allows to have an
insight into the friction phenomena occurring during the press-fit. The overall accuracy of
the press fit process has been found strictly dependent on the capacity to detect the start of
the irreversible relative motion between the mating parts. In particular, the importance of
detecting the pre-sliding phenomena that characterizes the static-dynamic friction has been

analysed.

The performance of the hybrid press-fit station has been investigated by changing two

parameters of the piezo actuator driving voltage, more precisely the slope and the frequency.

The performance indicator is the positioning error which characterizes the difference between
the setpoint and the final position of the plug into the sleeve. The comparison of the results

shows a smaller positioning error with the AMSD control strategy, compared to the CSD
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process, thanks to its ability to detect and compensate the pre-sliding effect. The control loop
based on the AMSD reaches a positioning error of + 2 um for setpoint values ranging from
3 to 50 um. This remarkable accuracy offers potentialities for high precision assembly of

metal parts of fuel injector.

In order to evaluate the performances of the AMSD control strategy during the press-fit fo

industrial parts, two application cases were investigated in detail:
e  Dry calibration process for GDI injector
e Assembly of needle control valve of CR diesel injector

In the first application the aim was to calibrate GDI injectors in the ballistic region,
characterized by high sensitivity of the injected quantity to the filter position. Furthermore,
in order to have a cleaner and less harmful process, a gaseous test fluid was used instead of
a liquid one. The target was to achieve a dispersion less than 15%, in operation with liquid,
for an injector batch calibrated with this new process, based on a gaseous agent. This result
has been achieved, combining the full scale prototype press with the Loccioni AirMexus,

with an error of 13% in the calibration point for a batch of 9 GDI injectors.

The second application case was given by the assembly of the armature of a solenoid control
valve for a common rail diesel injector; the pin has to be inserted into the armature hole with
a final position between the surface of the valve body and the armature of 53 £ 2 um. A
measurement station has been developed and tested. The repeatability and reproducibility of
the measurement station was assessed. Then 10 parts were pressed following the proposed
new method, utilizing the full scale prototype press. All the parts have been assembled within

the given tolerance.

In conclusion, a new prototype press, able to reach a positioning accuracy of + 2 um, has
been successfully developed and its performances have been shown and verified in real
application processes. The resulted prototype is capable to confirm its potentialities with real
components, opening at its introduction in real industrial processes requiring high geometric

accuracy.
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Appendix

. d
The derivate of the term ﬁ can be expressed as follow:

d i pﬂ
2(P) _ _a Tar
(1) dt (T) T?

In order to express this term as derivative of the pressure the hypothesis of adiabatic condition
during an injection event has been adopted; therefore, the following propriety can be used:
k_
(42) pT1-k = constant
where £ is the heat capacity ratio.

By differentiating equation (42), the following expression is obtained:

L Kk
(43)  Tikdp+p— Tk T7'dT =0

By simplifying and rearranging:

I

T k—1dp
(44) -

Tk op

Then, multiplying equation (44) by %:

Tdr k-1dp T
(45) —_—— =
dt T k pdt
Therefore:
dT  Tk-1d
46) —=-—2=

dt p k dt

By replacing (46) in equation (41):

dp Tk—1dp

d(v\ _ TaPrra 1(dp k-1dp) _1ldp k-1 _dp 1
an  Z(G)="==G -T2 = -T) =35
dt \T T T\dt k dt T dt k dt kT
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