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Summary

Nowadays the automotive world is changing fast.sTdstremely competitive
market demands excellent performance and the neissems legislation is
imposing very strict constraints, which have bathbe met in a really short
time. Actually, the vehicle development time is dming shorter and shorter:
time to market imposes a vehicle cycle much smahan previous years. On
the other hand, the expected quality level is iasigly high and safety
requirements do not permit any failure. Conseqyenthe automotive
companies have to reconfigure their developmentge®es and identify the best
tools to face this “extreme” situation. Without asf adaptation to the new
scenario the companies risk not to survive. Reexperiences have taught
everybody involved in cars development that theaaxtinary has become the
ordinary way and the continuous improvement isamgér a choice but a need.

In this scenario the electronic systems are a &etof. It has been estimated
that 90% of automotive innovation includes the &leal and electronics parts.
In this situation the electronic system developmime has been drastically
reduced (i.e. a new engine and its control systemeldpment is reduced from
25 months to 18 months).

Furthermore, during my personal work experienceoatl5 years in the
automotive world) | observed how, up to some yeage, the automotive
companies (car makers and their suppliers) adapesd development process
to make it suitable with the available tools. Iheat words, the development
processes were driven by tool vendors, who propasdutions to companies
and asked them to adapt their processes and “pnsbl® be solved with their
products. Only recently the same companies undmistbat their processes
should be driven by their specific and real degigpblems and so the request
for specific and non-existing tools became bigged digger (AUTOSAR:
Automotive Open System Architecture is only the hzmsnmon example).

The topic of this thesis is the development of ¢ofar supporting and, if
possible, automating the most critical phase of eangine control system
realization process.

The most part of my research has been carried rmilé the company |
work for. So the application of the results hasrbgaite immediate, showing
the consequent benefits. In particular, a remagkabtduction of the
development costs and times have been evaluatétitamtimes. Actually, the
main results, which will be detailed in the nextt&ns of this thesis, are the



development of engine modein _environment for control systems design and
calibrationand the design and implementation of a low cogdttare In the
Loop simulator for control systems verification aralidation

The thesis is organized in nine chapters: the finste describe general
aspects of the environment in which the thesislasqa, the following are a
synthesis of some papers and patents of which th@mauthor or the inventor
(see Chapter 10 for details).

In particular in the first chapter the main aspeufithe way the internal
combustion engine works, are analyzed. Successiuelthe second chapter,
some technological enhancements, which increase fubk economy and
decrease the emissions while maintaining or immpvithe engine’s
performance, are described, lingering also oveiMhéiAir technology. In the
third chapter, the typical working of the enginentrol unit, defining some of
the principal functions as that of torque contraidaair-fuel control is
considered. Moreover, a description of the speatifims and of the working of
the sensors and actuators utilized in the engirs¢eBy is given. The fourth
chapter is dedicated to the description of a mednevengine model, by means
of a modeling approach for engine dynamics basedlectrical analogy. This
approach has been described in two papers of niirf&@d, [17]). In the fifth
chapter the tools for engine control system desigd calibration have been
described. This chapter is represented by a chaftédre book “Large scale
Computation, Embedded Systems Computer SecuriiNi®781607413073,
Nova Science Publisher, NY, 2010", written by twihar authors and myself
(see [18]). The sixth chapter describes the SWfigation by means of HIL
simulator and which introduces the necessity ofdoihject of the seventh chapter
that describes the low cost systems for Hardwathdrioop simulation, (which
is detailed in some papers of mine, in particulse §58]). Finally the eighth
chapter gives an overview of some experimentaliegjibns of presented tools
and methods to Variable Valve Actuation (VVA) erggnengine model for an
investigation on idle speed control that uses theable valve actuator ([74],
[75]); performance and evaluation tools (descrilmedhapter 5) applied to such
an engine ([76]); development of new algorithmso(tef which have been
patented) by means of tools described in chap(gt7, [78] and [79]).

Keywords:
Engine Management System, Engine Control Unit, BEsdViodel, Calibration
Tool, Hardware In the Loop, Variable Valve TimingultiAir.
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Chapter 1 Internal Combustion Engine

The Internal Combustion Spark Ignition Engine isiagoecoming the most
popular engine with respect to the compressiortigmiengine (well known as
diesel engine), because of future emission legislat(for instance Euro 5+ and
Euro 6), that will make the compression ignitiongiexes more and more
expensive. In this chapter an overview of the mérCombustion Engine is
given. The working cycle of the engine is describétth a focus on main engine
parameters, in particular on the timing system.

1.1. INTRODUCTION

The engines used for traction can be divided into imain categories
(Figure 1.1):
 Heat engines. these types of engines derive heat energy froe th
combustion of fuel or any other source and contlegt energy into
mechanical work. Heat engines may be classifiealtiwb main classes
as follows:
= External combustion enginesombustion of fuel takes place outside
the cylinder (like steam engines, where the heatawhbustion is
employed to generate steam which is used to mopéstan in a
cylinder);
= Internal combustion enginesombustion of the fuel with oxygen of
the air occurs within the cylinder of the engine.
e Electric motors. they use electric power that is stored in batteri
carried on the vehicle. [1], [2]

"VOLUMETRIC ENGINE

ROTARY WANKEL l

ENDOTHERMIC| STREAMENGINE AL TUREDE
HEAT ENGINE TETENGINE
VOLUMETRIC ENGINE | [STIRLING]
DEIYE EXOTHERMIC
MOTORS }

STREAM ENGINE STEAMTUREINE

Figure 1.1Classification of drive motors

In the automotive field, most of the internal corstioan engines
(endothermic) are volumetric and reciprocating.phrticular, the engines are
volumetric because the working fluid acts on movipgrts that describe
cyclically a variable volume and they are altenvetbecause the motion is that



of a piston inside a cylinder. According to the hoet of ignition, the internal
combustion engine may be classified as:

» Spark ignition(Sl): an Sl engine starts the combustion procegsach
cycle by means of a spark plug. The spark plugg&éigh-voltage
electrical discharge between two electrodes andeigrthe air-fuel
mixture in the combustion chamber surrounding tlig.pTypical fuels
for such engines are gasoline, natural gas andgeearad landfill gas.

e Compression IgnitiofCl): the combustion process in a Cl engine starts
when the air-fuel mixture self-ignites, due to higimperature in the
combustion chamber caused by high compression.eDfesl oil is
normally used in compression ignition engines, altth some are
dual-fueled (natural gas is compressed with the beetion air and
diesel oil is injected at the top of the compressatroke to initiate
combustion)

The internal combustion reciprocating engine (Fégut.2) consists,
essentially, of one or more cylinders in which @t flow air-tight and with
little resistance. Having more cylinders in an eegiyields two potential
benefits: first the engine can have a larger despteent with smaller individual
reciprocating masses (that is, the mass of eatbnpizn be less) thus making a
smoother running engine (since the engine tendsbi@te as a result of the
pistons moving up and down). Second, with a gredigplacement and more
pistons, more fuel can be combusted and there eandre combustion events
(that is, more power strokes) in a given periodimfe, meaning that such an
engine can generate more torque than a similanengith fewer cylinders. The
pistons are connected to crankshaft via the comteodd and they convert their
rectilinear motion into rotational motion of theaokshaft. The cylinders are
filled cyclically from a charge dfresh fluidthrough a valve system that should
be controlled. The fluid present in the cylindessan air- fuel mixture or is
constituted of air only to which the fuel is addster placing it in the cylinder.
The combustion of the working fluid leads to a #igant increase in
temperature of the fresh charge, allowing the fliiidnake a thermodynamic
cycle from which work can be transferred to pistons

The internal combustion engirie a heat engine that converts chemical
energy in the fuel into mechanical energy, usualfde available on a rotating
output shaft. Chemical energy of the fuel is fastverted to thermal energy by
means of combustion or oxidation with air inside thngine. This thermal
energy raises the temperature and pressure ofagesgnithin the engine, and
the high-pressure gas then expands against theamieah mechanisms of the
engine. This expansion is converted by the mechhtikages of the engine to
a rotating crankshaft, which is the output of thgige.

The internal combustion engine consists of fixed amoving parts. The
main fixed parts are: engine block , head anduwiis

Theblockis the body of the engine containing the cylinderd is limited by
the head superiorly and by the oil sump inferioliyhas traditionally been made
of gray cast iron because of its good wear resistaand low cost. Thhead
seals off the cylinders, usually containing pdrthee clearance volume of the
combustion chamber. It contains the fuel injectansl the intake and exhaust
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valves with their control elements. Furthermore,isit connected to intake
manifold (piping system which delivers incoming &irthe cylinders), exhaust
gas (piping system which carries exhaust gases &waythe engine cylinders),
and also to the piping system of the water radiafdre oil sumpis the
lubricating oil tank.

The main moving parts, which transform the reciptog motion to rotary
motion, are: piston, connecting rod and crankshaft.

Thepiston or plunger, has the combustion chamber at thecalfed crown,
and on the other side, called skirt, it has the tiot the crank pin and locations
for snap seals and scraper rings. The piston heatls she cylinder and transmits
the combustion- generated gas pressure to the gianka the connecting rod.
The connecting rochas a socket at the top, called small end of adimrgerod,
which is for articulation with the piston pin antithe base, called big end of
connecting rod, there is a bearing where to fasterthe crankshaft. The
connecting rods transmit the reciprocating motidnpistons, turning it into
rotary motion, to the crankshaft. The connecting i® a two-force member;
hence it is evident that there are both axial atdral forces on the piston at
crank angles other than 0° and 180°. These lafemeds are, of course, opposed
by the cylinder walls. The resulting lateral forcemponent normal to the
cylinder wall gives rise to frictional forces betwve the piston rings and
cylinder. It is evident that the normal force, atidis the frictional force,
alternates from one side of the piston to the otheing each cycle. Thus the
piston motion presents a challenging lubricationbfem for the control and
reduction of both wear and energy loss. The drikefts or crankshaft is
supported in main bearings. The maximum number afirbearings would be
equal to the number of pistons plus one, or onedset each set of pistons plus
the two ends. On some less powerful engines, tihebeu of main bearings is
less than this maximum. At the rear end of the kshaft, the flywheel (rotating
mass with a large moment of inertia) with ring gkairelectric motor (starter) is
connected. The purpose of the flywheel is to saergy and furnish a large
angular momentum that keeps the engine rotatingdmt power strokes and
smoothes out engine operation. The crankshaftugfira suitable drive train,
controls the tree or trees of distribution, caldaanshafts; cams, through tappet,
command intake and exhaust valves to permit they exft fresh gas and the
expulsion of the residuals of the combustion [1].
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Figure 1.2Internal Combustion Engine

The name engine cycle means all transformationgngothe by the air-fuel
mixture inside the cylinder and which are repeagtedodically or cyclically.
This air-fuel mixture in the cylinder initiates tlembustion process by using
one or more spark plugs which shoot, under somelitons, in one or more
points.

Regarding the motion, while the crank arm rotatesugh 180°, each piston
moves from the position near the upper side ofcijlander, called Top Dead
Center (TDC), to the other extreme called Bottonad€enter (BDC). During
this period the piston travels a distance, calfedstroke, that is twice the length
of the crank. In other words, it is said that tl&tqn is at TDC when it stops at
the furthest point away from the crankshaft ancerses the movement and in
this place, the cylinder volume is at the minimumriledrance volume).
Correspondingly, the position of BDC is assumedHgypiston when it stops at
the point closest to the drive shaft and reversesniovement and the cylinder
volume is at a maximum. The cylinder volume coroegping to the piston
stroke is the displacement, while the air volurreg #xists between the cylinder
and the piston head when it is at TDC, is callezl ¢tbhmbustion chamber. An
important parameter for internal combustion engisdse ratio of total volume
to clearance volume, known as the compression.ratgpical values of the
compression ratio for spark ignition engines (Stg 8 to 12 while for
compression-ignition engines (Cl) they are 12 to ZHe efficiency of the
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engine is function of the compression ratio. It laastrong influence on the
formation of pollutants. The diameter inside théinder (and, approximately,
also the piston diameter) is called bore. Cylindere, stroke, and number of
cylinders are usually quoted in engine specificatioalong with engine
displacement (the product of the piston displacamemd the number of
cylinders).

Each stroke corresponds with half a turn of thenkshaft, hence each
cylinder requires four strokes of its piston (tvewvalutions of the crankshaft, or
720 degrees) to complete the sequence of eventshvwirtoduces one power
stroke. These alternative engines, where the awreires four strokes of the
piston, are called four strokes.

1.2. THE FOUR- STROKE OPERATING CYCLE

The piston, cylinder, crank, and connecting rodvigle the geometric basis
of the internal combustion engine. The majorityexfiprocating engines operate
on what is known as the four-stroke cycle. In #igjine the piston undergoes
two mechanical cycles for each thermodynamic cyclée intake and
compression processes occur in the first two stroked the power and exhaust
processes in the last two. The purpose of an iaterombustion engine is to
transform the energy into mechanical power produnethe combustion of the
air-fuel mixture. In order to obtain this scopeg ttylinders must adequately be
charged from the air-fuel mixture; a discharge esysmust expel the residuals
of the combustion in order to permit a new filliafjthe cylinders and therefore
another combustion. Figure 1.3 also shows the dtrakes for a spark-ignition
engine (Otto cycle):

* Intake stroke the piston travels from TDC to BDC with the ingak
valve open and the exhaust valve closed. The alrfuxture in the
manifold enters through the intake valve in theraér after the air has
passed through the throttle, which regulates theuatnof air flow into
an Sl engine, and the fuel has been introducedynjectors placed
in the intake manifold. In the running down to tBBC, the piston
causes a vacuum. The opening of the valves contiextsy/linder with
the external environment, a strong current of taét passing is mixed
with gasoline. When the piston is at BDC, the ietafalve closes. In
fact, the intake valve opens shortly before TDC elodes shortly after
BDC in order to increase the mass drawn into théndgr and to
maximize the inertia even though the piston isigsi

e Compression strokehe piston at the end of the intake stroke climbs
from BDC to TDC and starts the compression phase. itake and
exhaust valves are both closed, while the pistoaying from the
bottom to the top, compresses the mixture inside dylinder to a
small fraction of its initial volume (combustionaiber). The pressure
and the temperature of the mixture in the cylindt@rease due to
compression. Toward the end of the compressiorkestra spark,
between the electrodes of the spark plug, can dgthiie mixture
quickly. The combustion is initiated. The cylinderessure rises
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rapidly and a boost to the piston carries out tlwrkwequired. To
reduce the work absorbed by the compression, thifdg had better
advance so that combustion can occur near TDC.

Expansion stroke or Power strokéhe power stroke, or expansion
stroke, is the work producing process of the cy€twards the end of
the compression phase starts the combustion gedelogt means of a
spark plug. The combustion produces an high ineredpressure and
temperature of the fluid contained into the cylintieat carries useful
work during the new descendent stroke of the pisiidrerefore the
high pressure created by the combustion procesBeputhe piston
away from TDC and forces the crank to rotate. Aes piston travels
from TDC to BDC, cylinder volume is increased, dagspressure and
temperature to drop. Obviously, during the poweageh to make the
expansion work any leakage of gas from the cylifdeaiing to avoid,
both intake and exhaust valves are closed. As isterpapproaches
BDC the exhaust valve opens to initiate the exhpustess and drop
the cylinder pressure to close to the exhaust presdn fact, the
exhaust valve opens ahead of BDC encouraging sih@entaneous
release of burnt gas of the cylinder which haveesgure considerably
higher than the external environment.

Exhaust stroketo the end of the expansion phase the piston ikea
bottom and the cylinder is occupied from the burmeisture which
must be expelled. At this point the exhaust valwepened and the
gases enter into the exhaust manifold for the Ipigtssure reached in
the cylinder. The motion of the piston towards top expels the
remaining part of the residuals of the combustibo.the end of the
phase the piston is at the top and the burned ghaes been
completely expelled. Therefore when the piston apphes TDC the
exhaust valve is closed and the intake valve imegethe exhaust
valve closes later than TDC, to allow the pistonuse fully and
effectively the reclimbing stroke. [1],[3]

EXHAUST
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Figure 1.3The four basic processes in a four-stroke engitjeintake valve; (2)
Exhaust valve; (3) Combustion chamber; (4) spauky;p{5) Piston

1.3. IDEAL AND REAL ENGINE CYCLE

The ideal cycle, calle®tto cycle, is the theoretical cycle commonly used to
represent the processes in the spark ignitionii&jynal combustion engine and
is generally represented by a Cartesian diagranwbich abscissa are the
volumes generated by the piston and on the ordiastethe corresponding
pressures that the fluid reaches inside the cylinids assumed that a fixed
mass of working fluid is confined in the cylindey b piston that moves from
BDC to TDC and back, as shown in Figure 1.4

A
P| a

Figure 1.40tto cycle

The ideal Otto cycle consists of following revetsil§ no internal losses)
processes:

» isobar intake 0 & 1: the intake stroke of the Otto cycle starts tiith
piston at TDC and is a constant-pressure procesbiéat pressure).
The piston moves from TDC to BDC producing a chaingelume;

e isentropic compression 1 > 2: the compression produces a drastic
reduction of volume and a significant increase irespure and
temperature. The piston moves from TDC to BDC;

» isochoric heat addition 2 - 3: the instantaneous combustion of the
mixture happens at constant volume while the pissostationary at
TDC,;
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e isentropic expansion 3 > 4: the expansion produces a drastic
reduction of pressure and an increase of volume fikton moves
from TDC to BDC;

» isochoric instantaneous exhaust 4 > 1: it is the first part of the
exhaust phase during which the pressure reducds ti@ volume is
constant;

» isobar exhaust 1 - O : the transformation occurs at constant pressure
in this phase the discharge of the residuals oftegtion is completed
reporting the cycle to the starting position.

The theoretical work developed from the fluid ignesented, omp - V
diagram (pressure-volume diagram), by the are&{+-3 — 4):

e area (0'-3-3-1") represents the expansiork\wo(positive);

e area(0’-2-1-1") represents the compressiank L, (negative).

Thep - Vdiagram effectively done from the fluid during @mgoperation is
calledreal cycle, or indicated cycle (Figure 1.5). It plots theingler pressure
and corresponding cylinder volume throughout thgiren cycle. Compared to
the ideal cycle, it has rounded tops and a seeped that expresses the work
transfer between the piston and the cylinder gdsesg the inlet and exhaust
strokes. Figure 1.5 highlights the work deliverednf the gas to the piston
(active work Athat is the work correspondent to the positive arfethe cycle)
and the work done by the piston on the gas (passir& or pumping work R
The difference betweeA and B allows to obtain the indicated work that is
transferred by gas to the piston. Figure 1.6 higftt§ the substantial difference,
both in form and in values of temperatures andques, between indicated and
actual cycle.

[
FOUR-$TROKE

ENGINE

PRESSURE

juiles BDC

Figure 1.5Indicated cycle
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Figure 1.6Differences between ideal and indicated cycle

The differences between the actual and theoretigale are a result of
several factors.

Heat loss to the cylinder walls. There are heatdegluring the cycle of
a real engine which are neglected in the thealetigcle. To ensure
the smooth piston operation, the cylinder has tedaed so there is
some heat transfer from fluid to the walls. Heaslduring combustion
lowers actual peak temperature and pressure froat ¥ghpredicted.
The actual power stroke, therefore, starts at a&tqwessure, and work
output during expansion is decreased. Heat tramsfetinues during
expansion, and this lowers the temperature andspresbelow the
ideal isentropic process towards the end of thegpmtvoke. The result
of heat transfer is a lower indicated thermal éfficy than predicted
by ideal cycle. Heat transfer is also present dudompression, which
deviates the process from isentropic. However, ithisss than during
the expansion stroke due to the lower temperatateshis time.
Therefore, the compression and expansion linenareadiabatic but
polytrophic because the fluid losses heat. Thislisapa loss of useful
work corresponding to the algebraic sum of the ateand IV in
Figure 1.6.

Combustion that is not instantaneous. In theoretigele, combustion
is assumed instantaneous; in real cycle, instemmpastion requires a
short time (but greater than 0) to occur with tesult that, in the
meantime, the piston moves and the transformatiannat be at
constant volume. If the ignition starts at the TDi@e combustion
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would proceed during the moving piston from the TR@d the
pressure would be lower than expected, leadingds of useful work.
Therefore, the ignition is anticipated so that castlon can occur
mostly when the piston is near TDC. This impliesoanding of the
theoretical line of introduction of heat and thedoof useful work,
represented by aredisandlll (Figure 1.6), but which is much less than
that occurs without spark advance.

< Exhaust valve opening. In theoretical cycle theagst is assumed that
is made, instantly, at the BDC. In fact, this phkess for a relatively
long time. The exhaust valve should be open in ackvao allow a
portion of exhaust gases to exit from the cylinbefore the piston
arrives to the BDC, so that the pressure at the ddnthe expansion
stroke is reduced below that ambient. This caudessaof useful work
represented by areds (Figure 1.6), which is however less than that
would occur without the advance. The exhaust vakmains, also,
open even at the start of intake stroke to ensomeptete expulsion of
exhaust gases.

e Cylinder pressure. As Figure 1.6 shows, duringititeake stroke the
cylinder pressure is less than that which occunsnduthe exhaust
stroke. Except in special cases, the intake is tetely depressed
while, during the exhaust phase, the pressure @vealthat ambient
setting, as can be seen from the diagram, negatiea B that
corresponds to the pumping work.

1.3.1. Valve timing diagram

The timing of the valves (i.e. their opening andsahg with to the travel of
the piston) is very important factor for efficiemtorking of the engine.
Theoretically the valves open and close at top deadre (TDC) or at bottom
dead centre (BDC) but practically they need timéotge or after the piston
reaches the upper or lower limit of travel. Theitighof the valves is graphically
represented by means of polar diagrams. In thigraias the various phases
(intake, combustion, expansion and exhaust strbkek been represented by
means of circle arcs, that are subtended by canfgies correspondently to the
angles described by the crank. In Figure 1.7 ghewn typical timing valve
diagram of a four strokes spark ignition engine.
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Figure 1.7Polar diagram for a four spark ignition engine

Analyzing the polar diagram (Figure 1.7), the attiiming of valves can
be divided into:

Early opening of the exhaust valve: exhaust valpening (EVO)
occurs 40° 60° before BDC, and then before the end of expansi
stroke, so that blow down can assist in expellgexhaust gases. The
goal is to reduce cylinder pressure to close awtilee of the exhaust
manifold pressure as soon as possible after BDC thwefull engine
speed range. As the piston is close to BDC, moshefpush on the
piston has ended and nothing is lost by openingetkigaust valve
towards the end of the power stroke. This gives ékbaust gases
additional time to start leaving the cylinder sattlexhaust is then
started when the piston passes BDC and start upeoaexhaust stroke.
The timing at which the exhaust valve is openettiigcal. If the valve
opens too early, more than necessary work is fosté last phase of
the power stroke. If it opens late, there is stdtess pressure in the
cylinder at BDC. This pressure resists the pistawvement early in the
exhaust stroke and increases the negative pumpink of the engine
cycle. The ideal time to open the exhaust valveeddp on engine
speed. Note that the timing of exhaust valve opgaiffiects the cycle
efficiency since it determines the effective expamsatio.

Late exhaust valve closing: the exhaust valve otpgEVC) ends the
exhaust process and determines the duration ofvithee overlap
period. The exhaust valve remains open for somesdsgf crankshaft
rotation after that the piston passes TDC andkétdroke has started
so that the exhaust gases have some additional thmleave the
cylinder. EVC typically falls in the range 8°20° after TDC. At idle
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and light load, in spark-ignition engines, it refals the quantity of
exhaust gases that flow back into the combustie@mtter through the
exhaust valve under the influence of intake madifedcuum. At high
engine speeds and loads, it regulates how mudheoylinder burned
gases are exhausted. EVC timing should occur seifiy far after
TDC so that the cylinder pressure does not rise tleaend of the
exhaust stroke. Late EVC favors high power at tkgease of low-
speed torque and idle combustion quality.

Early inlet valve opening: the inlet valve openwvesal degrees of
crankshaft-rotation (102 40°) before TDC on the exhaust stroke. That
is the intake valve begins to open before the esthstwoke is finished.
This gives the valve enough time to reach the fapen position
before the intake stroke begin. Then, when the&kn&troke starts, the
inlet valve is already wide open and air fuel migtean start to enter
the cylinder, immediately. Engine performance iatreely insensitive
to this timing point. It should occur sufficientlyefore TDC so that
cylinder pressure does not dip early in the intstkeke.

Late intake valve closing: the intake valve remaapen for few
degrees of crankshaft rotation (40980°) after BDC, to provide more
time for cylinder filling under conditions where lmder pressure is
below the intake manifold pressure at BDC. Whengiston reaches
BDC, it starts back towards TDC and in so doingtsteo compress the
air in the cylinder. Until the air is compressedatpressure equal to the
pressure in the intake manifold, air continueserter the cylinder. The
ideal time for the intake valve to close is wheris thpressure
equalization occurs between the air inside thendgli and the air in the
manifold. If it closes before this point, air thats still entering the
cylinder is stopped and a loss of volumetric efficdy is experienced.
If the valve is closed after this point, air beingmpressed by the
piston will force some air back out of the cylindagain with a loss in
volumetric efficiency. This delay of intake valvdosing (IVC) is
mainly used to make maximum use of the kinetic gpeof the
aspirated mixture that, thanks to the speed gaioedtinues to flow
into the cylinder when the piston begins the corsgion phase. Of
course, at higher engine speed, there is an inreaabe kinetic energy
and, therefore, late intake valve closing has tgheater. The position
where the intake valve closes on most engines igtraited by
camshaft and cannot change with engine speed. foherdt follows
that high values of late IVC improve the filling oylinder at high
speed while they generate ebbs of the fresh cHiemgecylinder to the
inlet at low speed (rejection phenomenon). The rdiagin Figure 1.8
shows the values of filling coefficient,, which indicates how much
charge is effectively trapped in the cylinder comspato that
theoretically possible, depending on engine speedhiree values of
late IVC.
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Figure 1.8Filling coefficient

In other words, the filling coefficient is defined the ratio between the air
mass flow rate inducted by the engine and the a#&rssminducted the
displacement in the reference conditions .In thgiress naturally aspired the
filling coefficient is generally lower than unit .(@® + 0.9) for the following
considerations:

» there are load losses in the induction systemfi(gér, throttle body,
manifolds, valves) and losses due to the necessamgieration of the
air mass inducted;

» the residual gas have a pressure higher than the parameter in the
initial conditions, and for this reason they createopposition to the
entrance of the fresh mixture as long as theirssu@ is not descends
sufficiently thanks to the descendant motion of fhiston. For this
reason, a portion of the inlet stroke is not pdedib use to increase the
filling of the cylinder;

» the fresh mixture is heating in the passage throtigh induction
manifold and for contact with the hot walls of tbglinder, with a
consequent decrease of the density.

The filling coefficient influences directly the pewsupplied from an engine
but indirectly also the indicate and mechanicaiceffcy. In fact, the high load
losses in the intake manifold realize an importegduction of the filling
coefficient, but produce also an increase of theging work and consequently
a reduction of the indicated efficiency; moreovethe filling coefficient is low,
is low also the mean indicated pressure with negationsequences on the
mechanical efficiency [4].
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The opening and closing of the intake and exhaalstevaffect significantly
the correct working of an engine. In fact, the @xdwice of the advance of the
intake valve opening influences the filling of theylinder, improving
significantly the volumetric efficiency, but it malso have a significant effect
on consumption (as well as on the harmful emissibmnburned products).
Indeed, if the exhaust valve closing occurs on ssive delay, a part of fresh
charge, that enters the cylinder through the intaédve, will inevitably be
dragged with the unburned gas, going irretrievaddidy. Similarly, the excessive
advance of inlet valve opening will be harmful tamburned gases, in addition
to flow towards the exhaust, tend to invade thestjniworsening engine
performance significantly.

1.4. TIMING SYSTEM

The timing system represents the whole of openargk closings of intake
and exhaust valves, that allow the execution of angine phase. In other
words, the timing system has to regulate the gabange processes (intake and
exhaust in four- stroke cycle engine) inside théndgrs. The purpose of the
exhaust and inlet processes is to remove the bugasds at the end of the
power stroke and admit the fresh charge for the oyole.

Figure 1.9 shows the main parts that make up tméngi system. The
camshatft, regulates the opening of the valves y4thb cams (1), that operate
the tappets (3). The tappets transmit to the gathe push received by the
cams. The purpose of the valves, in internal catiba engine, is to regulate
the flow of fresh gas and the reflux of exhaustegasto the cylinder during the
different engine phases. For these reasons, thereva valves types: intake
and exhaust valve. Therefore, an appropriate airfhixture is supplied from a
carburetor through an intake manifold to an inta&lre while the combustion
gas is discharged through an exhaust valve iniexaaust manifold. The valves
return to their closed position by the springs.

The valve type normally used in four-stroke engisigooppet valve. It is
made from forged alloy steel which has the necgdsigh resistance to heat. A
poppet valve consists of an head with a stem (dsitial shape) is the part that
moves in a valve guide. The head can be of difftecéameters to improve
combustion. In fact, the head of the exhaust pastdareduced diameter to limit
the transmission of heat from burned gases todhe while that of inlet valve
is larger to facilitate the filling of the cylindeFurthermore, the mass of the
valves has to be reduced in order to reach highdspwithout excessive stress
on the springs and on the drive parts.
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Figure 1.9Parts of timing system

In four-stroke engines, the complete cycle of opgrand closure of intake
and exhaust valves occurs in one revolution ofdéashaft while the piston
strokes (intake, compression, expansion and exhstuske) happen in two
revolutions of the crankshaft. Therefore, so tle tycle of camshaft is in
phasing with that of crankshaft, the camshaft matgte at a halved frequency
compared to that of the crankshaft. The camshattives its motion from the
crankshaft, at which is connected by means of advalhain (timing chain).The
type of connection to the crankshaft depends orptsition of the camshatft in
the engine and on the performance of the engine.

In some applications, which require speed of thankshaft and camshaft
higher than a commercial engine, are used geafihg.use of the chain as a
means to connect the crankshaft to the camshaftahdsawback: with the
passage of time it tends to lengthen, becauseeofmtl expansion of the head
and base. To compensate this chain elongationrendear of the sprocket, the
automatic hydraulic tensioners are employed, tlwamhbining the oil pressure
with the push of a spring, maintain the optimaklesf tension of the chain. The
chain runs in an guard and, lubricated by engirg aain be equipped with
sliding block or spring tightener that serve to uesl in some extent the
relaxation for wear. Where the engines are verygshy; duplex chains are
used. Figure 1.10 shows an application with conoedietween crankshaft and
camshaft by chain. Chain systems are also usedh#ortransmission of the
motion of other engine parts, such as oil pump$neing countershaft and
injection pumps.
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Figure 1.10Connection between crankshaft and camshaft by chain

Another system is the rubber toothed belt. It isyygractical because it is
placed externally to the engine, and it does nosame the gears that have slots
instead of teeth and is absolutely quieter. Figuid shows a typical use of the
chain in timing system. The chain connects the spckets at the back of the
camshaft, while the connecting with the engindistigh a single pulley, on the
front, and moved by a rubber belt. A hydraulic atbw, controlled by oil
pressure that is intercepted and modulated byrelmegnetic valves, acts on
the two branches of the chain, causing a contratsinatching between the
intake and exhaust axis, that is proportional mlémgth change induced in the

branches.
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Figure 1.11Timing system by chain

1.5. COMBUSTION IN SPARK- IGNITION ENGINE

In a conventional spark ignition engine the fued air are mixed together in
the intake system, inducted through the intakeevaito cylinder, where mixing
with residual gas takes place, and then compredseder normal operating
conditions, combustion is initiated towards the efidhe compression stroke,
near to TDC, at the spark plug by an electric disgh. Following
inflammation, a turbulent flame develops, propagéteough this essentially
premixed fuel, air burned gas mixture, until itckas the combustion chamber
walls, and then extinguishes. In other words, tleenbustion propagates
outwards from the spark plug location graduallynteato the progress of the
flame front that separates the areas, where ignitas started up and where this
phenomenon has not yet begun. Figure 1.12 showgréssure variation during
combustion as a function of crank angle. The p(@htn the diagram indicates
the position of the crank angle at which an eleatridischarge across the
electrodes of a spark plug starts the combustioegss. This position occurs
before TDC in order to enable the development afilmastion of the mixture,
which takes some time to complete. This diagranwshioow the pressure after
the ignition, does not rise immediately in the castion chamber, but it
remains for some time (of course very short) gppr@ximately constant value,
as if the fuel needed a period of induction befarening. The delay, with which
the increase of pressure shows itself, is duedddbt that initially only a small
amount of mixture is involved in the phenomenonlyQmhen the combustion
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has affected 20-30% of the volume available to ¢eenbustion chamber,
appreciable increase in pressure occurs. When gxémmm pressure (7) of the
cycle has been reached, the final phase of conawustarts during which the
mixture terminates to burn with a progressive deseeof pressure due to
expansion in progress [2].
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Figure 1.12Pressure variation

The combustion event must be properly located watfpect to top-dead-
center in order to obtain the maximum power or wetqCombustion starts
before the end of the compression stroke, contittuesigh the early part of the
expansion stroke, and ends after the point in yieeeat which the peak cylinder
pressure occurs. The pressure versus crank anglesc{shown in Figure 1.43
allow to understand why the engine torque (at gigagine speed and intake
manifold conditions) varies in function of sparkoijon angle (with respect to
TDC). If the start of combustion process is prognedy advanced, the
compression stroke work increases. If the end ef dbmbustion process is
progressively delayed by retarding the spark ignitthe peak cylinder pressure
occurs later in the expansion stroke and it is ceduin magnitude. These
changes reduce the expansion stroke work transfen the cylinder gases to
the piston. The optimum timing which gives the mmaxim brake torque, called
maximum brake torque (MBT) timing, occurs when thagnitudes of these
opposing trends just offset each other. Timing Whig advanced or retarded
from this optimal value gives lower torque. The ioptl spark setting will
depend on the rate of flame development and praipegahe length of the
flame travel path across the combustion chambet,th@ details of the flame
termination process after it reaches the wall. €hmameters depend on design
engine design and operating conditions, and orptbeerties of the fuel, air,
burned gas mixture. Figure 1d8hows cylinder pressure versus crank angle for
over advanced spark timing (50°), MTB timing (3Q&hd retarded timing (10°).
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Figure 1.1® shows the effect of the variations in spark timergbrake torque
for a typical spark ignition engine.
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Figure 1.13Cylinder pressure versus crank angle for variatafrepark timing.
Effect of spark advance on brake torque

Therefore, the quality of combustion is influendad the ignition timing,
that is the angle of rotation of the crank as toCT@ poor ignition produces
gases only partially burned and combustion is ceteplin the catalyst with the
possibility to damage it, because of the excess deygerated locally. The spark
timing is a key parameter for engine managemert,iaaffects performance,
fuel economy and emissions. The optimal timing esraccording to engine
design, its capacity, project objectives and, alallyehe engine working point;
the timing should therefore be defined to meetnttaximum power supply, the
minimum specific consumptions, the minimum emissiof unburned gas, and
to prevent abnormal combustion phenomena.

A normal combustion is a burning process whichnisiated solely by a
timed spark and in which the flame front moves cletgly across the
combustion chamber in a uniform manner at a noxklcity. In this case, the
oxidation reaction of gas begins in the volume oftore included between the
spark plug electrodes. The discharge between thetretes initiates the
combustion, which then propagates to the rest efctarge. The flame front
proceeds with regular speed up to die out to tHiswdnen the whole mixture is
burned. However, several factors, as fuel compositiertain engine design and
operating parameters, and combustion chamber depasay prevent this
normal combustion process from occurring. Abnoromhbustion is a burning
process in which a flame front may be started by dmmbustion chamber
surfaces either prior to or after spark ignitionagrocess in which some part or
all of the charge may be consumed at extremely higs. It reveals itself in
many ways. Of the various abnormal combustion Eeee which are important
in practice, the three major phenomena are middireck and surface ignition.

Themisfireis a faulty ignition For lean mixtures combustion is always slow
and unstable. If the mixture is further impoverghéecause of the lack of
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homogeneity of the fuel in the cylinder, that cappen is that part of it does
not burn or that the flame front dies out beforerdéach the walls. A further

impoverishment of the mixture may result, in volulretween the spark plug
electrodes, a charge so lean to prevent the omdke mxidation reaction. This

is a misfire. The production of torque and powenashing, and the increase of
pollutants expelled into the atmosphere is paridyl significant. The same

phenomena can be generated if the mixture instead & excessively diluted

by exhaust gas recycle, EGR, typically used to ceduwitrogen oxides

emissions.

Another important abnormal combustion phenomenauitace ignition It
is ignition of the fuel- air charge by overheatealves or spark plugs, by
glowing combustion chamber deposits, or by any rolftg spot in the engine
combustion chamber: it is ignition by any sourcéeotthan normal spark
ignition. In other word, surface ignition is thenijon of the fuel-air mixture by
any hot surface, other than the spark discharder fo arrival of the flame. In
this case, the mixture autoignition occurs andaaé front is generated and is
exactly the same of that created by spark plugthstnot controllable either at
the time or at the place. It may occur before therls plug ignites the charge
(preignition) or after normal ignition (postignitip It may produce a single
flame or many flames. Uncontrolled combustion isstmevident and its effects
most severe when it results from preignition beedtisan produce a low torque
and, above all, very high temperatures and pressuhéch can favour, in the
following cycles, the generation of knock. Howeweven when surface ignition
occurs after the spark plug fires (postignitiohg spark discharge no longer has
complete control of the combustion process. Surfgo#ion is a problem that
can be solved by appropriate attention to desigyinen and fuel and lubricant
quality.

Knockis the most important abnormal combustion phenomefte name
comes from the noise which is transmitted throtlghengine structure when
essentially spontaneous ignition of a portion o #nd gas (the fuel, air,
residual gas, mixture ahead of the propagating d)aoccurs. As the flame
propagates across the combustion chamber, theant-gompressed, causing
its pressure, temperature, and density to incredaberefore, there is an
extremely rapid release of most of the chemicatgynen the end-gas, causing
very high local pressures and the propagation esqure waves of substantial
amplitude across the combustion chamber. The fuedtahtheories of knock
are based on models for the autoignition of thé diremixture in the end- gas.
Autoignition is the term used for a rapid combusti@action which is not
initiated by any external ignition source. The agndion of a gaseous fuel- air
mixture occurs when the energy released by theiozaas heat is larger than
the heat lost to the surroundings; as a resulttehgperature of the mixture
increases, thereby rapidly accelerating, due tdr theponential temperature
dependence, the rates of the reactions involved 3tate at which such
spontaneous ignition occurs is called thef ignition temperatureand the
resulting self accelerating event where the pressund temperature increase
rapidly is termed ahermal explosionKnock primarily occurs under wide-
open-throttle operating conditions. It is a direconstraint on engine
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performance. It also constraints engine efficiersigce by effectively limiting
the temperature and pressure of the end-gas, itislitne engine compression
ratio. The occurrence and severity of knock depamdhe knock resistance of
the fuel and on the antiknock characteristics eféhgine. The ability of a fuel
to resist knock is measured by its octane numbgghen octane numbers
indicate greater resistance to knock. The knoclnfisienced from the spark
advanced: advancing the spark increases the kneadrity or intensity and
retarding the spark decreases the knock. Theretoeeknock imposes limits to
utilizable spark timing. The pressure variatiorthie cylinder during knocking
combustion indicates in more detail what actuallgus. Figure 1.14 shows the
cylinder pressure variation in three individual emg cycles, for normal
combustion, light knock and heavy knock respecjivéWVhen knock occurs,
high-frequency pressure fluctuations are observiedser amplitude decays with
time [1].

_ Y

1 TR S 1 L1 1
20 pc 20 40 °CA 20 tpc 20 40 °CA 20 Tpc 20 40 °CA

(2) Normal combustion, () Slight knock, () Intenss knock,
spark 28°5TDC spark 28°6TDC spark 32°5TDC

Figure 1.14Cylinder pressure versus crank angle traces oesywlth normal
combustion, light knock, and heavy knock
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Chapter 2 New technologies

The recent trend in engine design is the use ofdimplacement engines (so
called “downsizing”) to fulfill the new requirementTorque and power increase
is obviously in contrast with the fuel consumptioeduction, so new
technologies need to be used in order to inducterdiit engine working
conditions. On gasoline engine the industrial regdeas focused on the
development of a new way to let the air into thgiea: Variable Valve Timing,
or Variable Valve Actuation system (and also the aé Turbo Charger) have
the objective to optimize the air inlet, in ordey Mmaximize the engine
efficiency. In this scenario a revolutionary apmioaas been introduced by Fiat
by means of MultiAir technology, which is detailadthis chapter, that permits
to define the desired inlet valve timing.

2.1. VARIABLE VALVE TIMING SYSTEM

In traditional internal combustion engines (ICEasgxchange valve timing
is mechanically fixed with respect to crankshaftsigon. This timing
determines when the valves open and close, theadfegting the air-fuel
mixture and exhaust flow.

Variable Valve Timing (VVT) is a generic term foawous concepts that
allow changing the advance, overlap, and evenH@édase of some import
overhead-cam engines) the duration and lift ofua-&iroke internal-combustion
engine's intake and exhaust valves while the end#eoperating. This
technology has been under development for more ¢haantury (a variation
was tried out on some early steam engines), hsitatly within the last twenty
years or so with the advent of sophisticated ededtr sensors and engine
management systems that it has become practicakefiadtive. There are a
number of different variable valve timing systemsirently available and under
development, to control different valve timing paeters. These systems can be
grouped in terms of their operation and they are:

* Phase Changing Systems

» Profile Switching Systems

» Cam Changing and Cam Phasing Systems
» Valve Duration Systems

2.1.1. Phase Changing Systems

Examples of cam-phasing VVT are:

e Toyota's VVT-i (Variable Valve Timing with Intellignce), which
intelligently adjusts the overlap time between théaust valve
closing and the intake valve opening;

Lexus’s VVT-IE (VVT — intelligent by Electric motdrwhich consists of the
cam phase converter, mounted on the intake camahédftconverts the motor
rotational input into the advance and retard of ¢cken phase, and a brushless
electric motor, installed in the engine chain case.
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Figure 2.2valve Lift for an Engine with Cam Phasing VVT

Phase changing systems have been available on qiimuliengines for a
number of years but have tended to be applied tontiie highest specification
engine in a particular range. Phasing of the intekeshaft to gain increased
performance with a mechanism that can be moveddmtwwwo fixed camshaft
timings is the most common application with the & in timing normally
occurring at a particular engine speed. More régetitere has been a move
towards more flexible control systems that allow ttamshaft phasing to be
maintained at any point between two fixed limithisThas facilitated camshaft
phase optimization for different engine speed amad|conditions and has
allowed exhaust camshaft phasing to be used ferriat EGR control.
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2.1.2. Profile Switching Systems

This type of variable valve timing system is capaloff independently
changing valve event timing and valve peak lifteTdystem switches between
two different camshaft profiles on either or both the camshafts and is
normally designed to change at a particular engipeed (Figure 2.3). One
profile designed to operate the valves at low emgipeeds provides good road
manners, low fuel consumption and low emissionpuufThe second profile is
comparable to the profile of a race cam and comiesdperation at high engine
speeds to provide a large increase in power oufthérefore, cam- changing
VVT system acts as if two different cam types gthhand low speed are used.

HIGH-SPEED CAM LOYW.-SPEED CAM

VALVE LIFT

Figure 2.3Valve Lift for an Engine with Cam Changing VVT

Honda, with VTEC (Variable Valve Timing and Eleatio Lift Control)
system started production of a system that givesnaime the ability to operate
on two completely different cam profiles, elimimagia major compromise in
engine design. In its simplest form, VTEC allows tralves to remain open for
two different durations: a short opening time fowispeed operation to give
good torque and acceleration, and a larger opetiing for higher speeds to
give more power. To do this, the camshaft has tete ef cam lobes for each
valve and a sliding locking pin on the cam follovtieat determines which lobe
is operating the valve. The locking pin is movedaydraulic control valve
based on the engine speed and power delivery esgaints. The two lobe
shapes are referred to as fuel economy cams ahdpbiger cams, meaning that
Honda engines with this technology are really twogiees in one - a
performance engine and an economical engine.

Due to these systems having an inherently two iposiiperation, they are
not suitable for optimizing valve timing parameteusder different load
conditions, e.g. EGR control. The ability to chavgéve event timing, lift and
duration ensures that these systems are capalgeoafling very high power
output from a given engine whilst still complyingtlvemissions legislation.
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2.1.3. Cam Changing and Cam Phasing Systems

Combining cam-changing VVT and cam-phasing VVT doshtisfy the
requirement of both top-end power and flexibilitydughout the whole rev
range, but it is inevitably more complex.

A typical example of this system is Toyota’s VVTLH#igure 2.4). The
system can be seen as a combination of the exigN¥igi and Honda’s VTEC,
although the mechanism for the variable lift idetiént from Honda. Like VVT-
i, the variable valve timing is implemented by &hij the phase angle of the
whole camshaft forward or in reverse by means lojdraulic actuator attached
to the end of the camshaft. Like VTEC, Toyota'steys uses a single rocker
arm follower to actuate both intake valves (or exdtavalves). It also has two
cam lobes acting on that rocker arm follower, thteek have a different profile -
one with longer valve-opening duration profile (faigh speed), another with
shorter valve-opening duration profile (for low sgg At low speed, the slow
cam actuates the rocker arm follower via a rollearing (to reduce friction).
The high speed cam does not have any effect omoitieer follower because
there is sufficient spacing underneath its hydcatdippet. At low speed long
duration cam idles while when speed has increasate threshold point, the
sliding pin is pushed by hydraulic pressure toftfié spacing. The high speed
cam becomes effective. Note that the fast cam gdesva longer valve-opening
duration while the sliding pin adds valve lift (Whifor Honda VTEC, both the
duration and lift are implemented by the cam lob®8)TL-i offers variable lift,
which lifts its high speed power output a lot. Camgd to Honda VTEC,
Toyota’s system has continuously variable valvartgrwhich helps it far better
to achieve low to medium speed flexibility. Themefat is undoubtedly the best
VVT today. However, it is also more complex andlyably more expensive to
build.

Short duration

Long duration cam

slipper
follower vollai

Figure 2.4Toyota’s VVTL-i system

2.1.4. Valve Duration Systems
The basic concept of this system is that of lengjtige the duration of the
opening of the valves. This system was introducgdRover who call it
Variable Valve Control (VVC). The VVC principle isased on an eccentric
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rotating disc to drive the inlet valves of everyotwylinders. Since eccentric
shape creates nonlinear rotation, the opening gefidhe valves can be varied
by controlling the eccentric position of the di¥¢ith VVC the outlet camshaft
is not part of the VVC system and is driven normnélj the toothed belt from
the crankshaft. Figure 2.5 shows an example of \8y§&lem working. When the
eccentric wheel, which is connected to crankshifi vevolution speed halved,
rotates at 180°, the camshaft turns, for exampidy ©40°. In the following
180° of eccentric wheel, the camshaft turns inst2ad° so that it remains
totally in phase with the crankshaft. This variabamshaft speed can change
the duration of inlet valves opening. Figure 2.®w& the valve lift for an
engine with VCC Rover.

camzhaft mm
eccentric wheel =

Figure 2.5VVC system working
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Figure 2.6Valve Lift for engine with VVC system

2.2. VARIABLE VALVE ACTUATION TECHNOLOGY

The Variable Valve Actuation technology represehtsnew timing system
with variable lift of the intake valves that hasehedeveloped in recent years.
The VVA has been introduced as a promising techgyolable to improve the
performance of the vehicle in terms of fuel econpeyission reductions and,
more generally, the whole efficiency of the syst&bontrary to the classical
engine, where the intake and exhaust valves aranemied mechanically by
the camshaft and so both the timing and the duratforalves opening are fixed
by events, the VVA system offers the possibilityviry the valves actuation.
Moreover, the innovative VVA system allows to cahtthe air mass flow rate
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that is inducted in an internal combustion engiiidaut any use of the throttle

plate; this last situation has the benefit of hgvan air pressure upstream of
intake valves always constant because the pumpdas=ar the throttle body are
zero.

The adopted VVA system is shown schematically iguFé 2.7. The valve
actuator consists of a piston connected througtlibohamber to the intake
valve, a solenoid valve to regulate the pressusaé@the oil chamber and a
hydraulic brake to assure the soft landing. Whendlectro-valve is open, the
oil comes out from the high pressure chamber andait be consequently
possible to obtain any condition included betwems tivo following extreme
modalities:

« if the solenoid valve is open the intake valvesaentlosed;
« if the solenoid valve is always closed, the liftthé valves is the
same as that of the cams.
Cam Qil chamber Solenoid valve Accumulator

Piston

Hydraulic
Brake

Intake
Valve

Figure 2.7VVA system

As reported in Figure 2.8he valve lift profile can assume different forms
depending on the required air mass flow rate agiherspeed. In fact, with this
particular VVA system many strategies are possibke,is indicated in the
following points:

* Full Lift (FL) actuation mode represents the norruadctioning of the
valves, i.e. commanded mechanically by the camsiiadt solenoid
valve remains closed assuring high pressure irgocothchamber and,
consequently, assuring a rigid connection betwherirttake valve and
the camshaft through the piston;

» Early Closure (EC) valve mode is obtained by opegrime solenoid
valve at a certain cam angle, i.e. the control e@ngéducing the
pressure inside the oil chamber. The motion ofitkeke valve is then
decoupled from the piston and, forced by the valyengs, it starts to
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close earlier than in the full-lift mode. Soft lang of the intake valve
is controlled by a hydraulic dampening unit (hydiabrake);

Late Opening (LO) valve mode can be achieved bwlatimg the
solenoid valve partially opened. In this way, tliegsure inside the oll
chamber is regulated to a lower pressure than énfal lift mode,
obtaining a rigid connection, but with a shortestaice function of the
chamber pressure, between the intake valve and cHmashatft.
Consequently, the valve profile is similar to thd fift mode, but with
a smaller time duration;

Multi Lift (ML)actuation mode is a particular opéinge actuation mode
obtained combining the late opening with the ealbgure, as is shown
in Figure 2.9 This profile is limited by the mecl@al cam constrains,
in fact the next late opening must be activate teef®% of the full lift
cam.

The flexibility of intake valve control offered bihe VVA system leads to
enhancing the efficiency of the combustion procddsre in general, the
following advantages can be addressed to the inttazh in the vehicle of the
VVA system:

high charge trapping efficiency over the entireegshbeange through a
wide modulation of valve lift;

throttle-less engine operation, through directcaintrol at the valves
resulting in a reduction of pumping work and fuehsumption;
dynamic control, cylinder by cylinder and stroke disoke, of the inlet
charge aimed at an improvement of emissions, dititsatand fuel
consumption in transient operation.

FULL LIFT

EARLY
CLOSURE

LATE OPENING

Crank angle

Figure 2.8Vvalve lift profiles

36



e | | [
-l &2 8 a2 ETa S48 32
“FULL LIFT" SEIVCT “Lvor SMULTI-LIFT!

Figure 2.9Solenoid valves activation and valve lift

The electro-hydraulic actuator that has been deeelp moreover, is
relatively simple but with high hardiness charastars and low sensitivity to
the critical parameters like a variation of the ailscosity related to
temperatures.

Finally, the control of this innovative VVA systeisiachieved by a specific
electronic control system, that contains model-Oasteategies, that allows to
elaborate the actuation signals of the valves aiegrto the demands of the
driver [5].

The MultiAir technology developed by Fiat is an eyde of application of
variable valve actuation system.

2.2.1. The MultiAir technology

In the last decade, the development of the Commaih tRchnology for
Diesel engines marked a breakthrough in the passecay market. To be
competitive also in the field of gasoline enginémt Group decided to follow
the same approach and focus on breakthrough temjiesel The aim was to
provide customers with substantial benefits in ®hfuel economy and fun-
to- drive while maintaining the engine intrinsicnefort characteristics, based on
a smooth combustion process and on light strucmdscomponents.

The key parameter to control Diesel engine combnostnd therefore
performance, emissions and fuel consumption igjtlentity and characteristics
of the fuel injected into cylinders. That is theasen why the Common Rail
electronic Diesel fuel injection system was sudbralamental breakthrough in
Direct Injection Diesel engine technology. The kpgrameter to control
gasoline engine combustion, and therefore perfocmaemissions and fuel
consumption, is the quantity and characteristicshef fresh air charge in the
cylinders. In conventional gasoline engines thevass trapped in the cylinders
is controlled by keeping the intake valves opengogstantly and adjusting
upstream pressure through a throttle valve. Ortbefirawbacks of this simple
conventional mechanical control is that the engiestes about 10% of the
input energy in pumping the air charge from a lowenke pressure to the
atmospheric exhaust pressure.

A fundamental breakthrough in air mass control, #retefore in gasoline
engine technology, is based on direct air chargtenimg at the cylinder inlet
ports by means of an advanced electronic actuaiwh control of the intake
valves, while maintaining a constant natural ugstr@ressure.
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Research on this key technology started in the tieigh when engine
electronic control technologies reached the stdgeature technologies. At the
beginning world-wide research efforts were focusedthe electromagnetic
actuation concept, following which valve openingdasiosing is obtained by
alternatively energizing upper and lower magneth @&nh armature connected to
the valve. This actuating principle had the intiingppeal of maximum
flexibility and dynamic response in valve contrblt despite a decade of
significant development efforts the main drawbaokghe concept (its being
intrinsically not fail-safe and its high energy aljgion) could not be fully
overcome. At this point most automotive companiesl back on the
development of the simpler, robust and well-knovat®omechanical concepts,
based on the valve lift variation through dedicategchanisms, usually
combined with cam phasers to allow control of badhve lift and phase. The
main limitation of these systems is low flexibility valve opening schedules
and a much lower dynamic response; for examplehaltylinders of an engine
bank are actuated simultaneously, thereby exclu@ding cylinder selective
actions. Many similar electromechanical valve ocontsystems were then
introduced over the past decade.

In the mid 90’s Fiat Group research efforts switthie electro-hydraulic
actuation, leveraging on the know-how gained durthg Common Rail
development.

The goal was to reach the desired flexibility afwe opening schedule air
mass control on a cylinder-by-cylinder and strolgestroke basis. The electro-
hydraulic variable valve actuation technology depeld by Fiat was selected
for its relative simplicity, low power requirementatrinsic fail safe nature and
low cost potential.

The operating principle of the system, applied mtake valves, is the
following: a piston, moved by a mechanical intalen¢ is connected to the
intake valve through a hydraulic chamber, whiclcasitrolled by a normally
open on/off solenoid valve.

When the solenoid valve is closed, the oil in tigdrhulic chamber behaves
like a solid body and transmits to the intake valttee lift schedule imposed by
the mechanical intake cam. When the solenoid vavepen, the hydraulic
chamber and the intake valves are de-coupled;ntiaeé valves do not follow
the intake cam anymore and close under the valtiiegspction. The final part
of the valve closing stroke is controlled by a detikd hydraulic brake, to
ensure a soft and regular landing phase in anynergperating conditions.

Through solenoid valve opening and closing timetrmdna wide range of
optimum intake valve opening schedules can beyealthined.

For maximum power, the solenoid valve is alwayssetb and full valve
opening is achieved completely following the medbalncam Full Lift mode),
which was specifically designed to maximize powehigh engine speed (long
closing time). For low-rpm torque, the solenoidweals opened near the end of
the cam profile, leading to early intake valve gigs(EIVC mode). This
eliminates unwanted backflow into the manifold andximizes the air mass
trapped in the cylinders. In engine part load,dblkenoid valve is opened earlier
(before finishing of the cam profile) causing palrtvalve openings to control
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the trapped air mass as a function of the requiveglie Partial Load mode).
Alternatively the intake valves can be partiallyeapd by closing the solenoid
valve once the mechanical cam action has alreaatyedt L 1VO mode: Late
Intake Valve Opening). In this case the air stréatm the cylinder is faster and
results in higher in-cylinder turbulence. The lagb actuation modes can be
combined in the same intake stroke, generating-ealled ‘M ultilift” mode,
which enhances turbulence and combustion ratergtlees loads. Figure 2.10

shows possible valve profiles using the maltitechnology.

,;‘ f.’ B, ¥ o

Figure 2.10Possible valve profiles using the MultiAir techngjo

The Multiair Technology potential benefits for gkse engines exploited
so far can be summarized as follows:

Maximum Power is increased by up to 10% thank&éoatdoption of a
power-oriented mechanical cam profile;

Low-rpm Torque is improved by up to 15% throughleartake valve
closing strategies that maximize the air mass &dpp the cylinders;
Elimination of pumping losses brings a 10% reductiof fuel
consumption andCO, emissions, both in naturally aspirated and
turbocharged engines with the same displacement;

MultiAir turbocharged and downsized engines canechup to 25%
fuel economy improvement over conventional natyradispirated
engines with the same level of performance;

Optimum valve control strategies during engine waipnand internal
Exhaust Gas Recirculation, realized by reopenirg ithake valves
during the exhaust stroke, result in emissions atoin ranging from
40% forHC/COto 60%forNQy;

Constant upstream air pressure, atmospheric foralbt aspirated and
higher for turbocharged engines, together with ékgemely fast air
mass control, cylinder-by-cylinder and stroke-bipke, result in a
superior dynamic engine response.

The MultiAir technology, a Fiat worldwide premiere2009, has introduced
further technological evolutions for gasoline ermgn

39



* Integration of the MultiAir direct air mass contmith direct gasoline
injection to further improve transient response @i economy;

* Introduction of more advanced multiple valve opgnstrategies to
further reduce emissions;

* Innovative engine-turbocharger matching to contrapped air mass
through combination of optimum boost pressure aalvev opening
strategies.

While electronic gasoline fuel injection developadhe ‘70s and Common
Rail developed in the ‘90s were fuel specific bteatkugh technologies, the
MultiAir Electronic Valve Control technology can kapplied to all internal
combustion engines whatever fuel they burn.

MultiAir, initially developed for spark ignition ejines burning light fuel
ranging from gasoline to natural gas and hydroges, wide potential also for
Diesel engine emissions reduction. Intrinsi®, reduction of up to 60% can be
obtained by internal Exhaust Gas Recirculatid®GR) realized with intake
valves reopening during the exhaust stroke, whitginmal valve control
strategies during cold start and warm-up bringaig@%HC andCO reduction
of emissions. Further substantial reduction comesnfthe more efficient
management and regeneration of the diesel patctilker andNO, storage
catalyst, thanks to the highly dynamic air massvficontrol during transient
engine operation.

Diesel engine performance improvement is similathat of the gasoline
engine and is based on the same physical principiegead, fuel consumption
benefits are limited to few percentage points bseaf the low pumping losses
of Diesel engines, one of the reasons of their soipéuel economy. In the
future, power train technical evolution might behefom a progressive
unification of gasoline and Diesel engines architess.

A MultiAir engine cylinder head can therefore benceived and developed,
where both combustion systems can be fully optichizéthout compromises.
Moreover the MultiAir electro-hydraulic actuator physically the same, with
minor machining differences, while internal subcamgnts are all carry over
from the Fire and SGE (small gasoline engine) apgibns [6], [7].

2.3. INTELLIGENT ALTERNATOR CONTROL SYSTEM

An alternator is an electromechanical device thatverts kinetic energy
into electrical energy and is used in modern autmles to charge the battery
and to power a car's electric system when its engimunning. It is connected
to the engine via a belt that transmits the motiérrotation that within the
alternator is used to produce alternating electticrent (AC). Automotive
alternators use a set of diodes to convert AC to(8ifect current). A voltage
regulator makes for the voltage output from therakitor to remain constant.

Intelligent Alternator Control System (IAC) allove®me energy to recover,
through "intelligent” use of the alternator, whidtring braking is dissipated as
heat in brake discs. The IAC system generatesregabwer for a car’'s on
board network exclusively in over-run and duringaking to transform the
kinetic energy resulting from the inertia of théhigde into electrical energy that
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is transferred to the battery becoming an energpliss, which can return
available in thefollowing phases of acceleration when it is usedeed the
electrical components of the vehicle, thus decrepstie work required at the
alternator at this stage. This results in moreuerigeing produced to the wheels.
Normally, the engine control system determines plogver that is used to
activate the alternator --through a torque-basedaio

The IAC system establishes that:

» intheacceleration phase, the alternator output voltaget so that it is
equal or close to the level of battery voltage, chhiin this way,
provides alone for the electricity needs of the car

e in over-run or during breaking, the alternator atitpoltage is set to a
value higher than the battery voltage, so the radt®r is not only able
to cover the entire electricity demand of the vihibut at the same
time to charge the battery.

In the latter case, the alternator is actuallyaallon the crankshaft and thereby
exerts a braking effect on the vehicle which repnés precisely the recovery of
part of the energy dissipated in the brakes. FOIAC system it's necessary to
have precise information about the charging statusbattery usage which are
acquired by using a sensor IBS (Intelligent Batt®eynsor). The battery is
charged to only about 80% of its capacity as lontha engine is propelling the
car, depending on ambient conditions. A reservegehthat is adequate for the
consumption of power while the car is at a stalidstd enabling the driver to
start at any timgs maintained under all circumstances. Batterygda
exceeding the 80% threshold is generated only @m-awn and while the driver
is applying the brakes. Since the number of chaygées increases as a function
of such battery management, IAC uses modern AGMoient glass mat)
batteries able to handle greater loads than commverttiead acid batteries.

The IAC system improves the overall efficiency ofehicle by decreasing
ancillary loads on the engine and by recuperatiogenof the waste heat energy
so as to reduce fuel consumption.
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Chapter 3 Engine Management System

An Engine Management System (EMS) is an HW and System
(microcontroller based board and all necessary ossnand actuators) that
implements all engine control and management fanstithat are necessary to
make the engine work properly. The importance chsa system has recently
been increased, starting from the first requiremerigarding the pollutant
emission legislation, becoming a crucial factorrfmre and more ambitious and
restrictive requirements, such as emissions (new &d €6 legislation is
coming), fuel consumption, fun to drive and alsivelr safety.

3.1. GENERAL DESCRIPTION

The engine management system consists of:

e Sensors that monitor and measure the operativeitomm of the
engine;

« Engine control unit (ECU) that, on the basis of ithgut received from
sensors and from other systems in vehicles andalmulations and

tables which realize the control strategies, geaereontrol signals for
the actuators;

* Actuators that, commanded by ECU, perform actiona aesult of the
values measured by the sensors.
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Figure 3.1Engine management system
As shown in Figure 3.1, the control center of EMS3hie engine control unit

which detects all input signals and generates obsignals for the actuators.
The main objectives in the planning of these cdrstlystems are:
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e To maximize the performances, meeting the requesbrque of the
driver, providing an optimal drivability in all opstive conditions and
reducing fuel consumption;

» To respect the limits of exhaust gas emission. ©bigctive requires
an exact air- fuel ratio and a good compensatiorindutransient
engine operation;

» To perform a suitable diagnosis and recovery ofesysn case of bad
functioning.

Figure 3.2 shows a scheme of a turbocharged spmaition, indirect
injection, and aariable timing engine management system. In theme, it is
possible to observe the position of main sensalsagtuators inside the engine.
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Figure 3.2Components used for electronic control in an engia@agement
system

3.2. ENGINE CONTROL FUNCTIONS

The heart of engine management systems are theegiés and controls
which allow the exact engine working. The main feagine control cycles are:
1. Feed forward cycle of injected fuel;
2. Feedback cycle of air- fuel ratio;
3. Spark advance cycle;
4. Knock cycle;
Moreover, in the most ECUs , the following contiadp is also presented:
» Title control
+ Idle control
» Exhaust gas recirculation (EGR) control
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e Purge canister control
» Turbocharger control
* Speed limiting device

3.2.1. Torque control

The torque of a spark ignition engine is controlladthe air- fuel quantity
inside the cylinder. This quantity is modified charg the manifold pressure
and, therefore, the density of the air- fuel migtuEven though this solution is
comparatively easy and efficacious it generatesespomping losses which
influence the efficiency of the engine. From thenp@f view of control, the
gasoline engine is controlled by the air providew daherefore, the torque
regulation occurs, first of all, through the thiettalve and then by the injection
time. Moreover, to have a rapid transient respoitge,regulated by the spark
advance. The Sl engine is characterized by a pawtettle valve (drive by
wire), i.e. the driver doesn't order it directlyrdlugh the gas pedal, but the input
is translated throughout a potentiometer in antetesignal and then sent to the
ECU. This signal is interpreted as a torque requé&his request is also
influenced by some subsystems (ESP, cruise corgto), For this reason a
technique is used in the software structures caltedue-based, which de-
couples the strategic decisions from the functioh®w level. The manager of
torque collects all torque requests and consideatteer information Then only
one signal is transmitted to the module that gdasrthe suitable commands to
the actuators so that the desired torque is garteriigure 3.3 shows the block
diagram in the ECU that manages the torque confitw. torque-based method
expects the calculation of three fundamental patarse

» Throttle angle: it regulates the opening and clgsihthe throttle;

» Spark advance: it permits to regulate the charge of the coils (dwell

time );

* Injection time: it establishes the duration of thel quantity to inject.

The actuation of the desired torque also consitlesair dynamic. This
presents a time constant not negligible. Therefoesides acting on the throttle
valve, to have a rapid response, the spark advencegulated. The torque
generated in the first way is callstbwtorque while that obtained in tlsecond
way is calledfast torque. Figure 3.4 shows a block scheme relevarthéo
actuation of the torque. The actuation of the storgue, which is of a certain
throttle angle, defines an engine operative paimr(ifold pressure), while that
of the fast torque, which is of a certain sparkaatbe, describes the combustion
efficiency and has the scope to coincide the redlibrque with the one desired

[8].
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3.2.2. Air- fuel ratio control
The air- fuel control is a very important contrgtte, because the three way
catalytic converter works in an efficient way onijnen the engine presents a
stoichiometric ratio. This control system is comgubsof a slow but exact
feedback action, founded on the lambda sensorfranda fast but rough feed-
forward action, as shown in Figure 3.5:
» Feed-forward control: Without a feed-forward actitime controller is
too slow while in the transient condition it is yeimportant to
determine the exact fuel quantity irrapid way. This is possible only
considering the manifold dynamic. The informatiam throttle angle,
manifold pressure, or air flow passing for the rfadi has to be used
to predict the air mass flow rate entering theredir and on the basis
of this information the fuel quantity to inject determined. One also
has to consider the well- wetting phenomenon thas B typical
dynamic to be compensated.
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AF

Feedback control: Even though the three way catatgnverter can

operate with different air-fuel ratios, a small atg- state error is
required. For this reason, the feed forward cortied to be completed
with a feedback control. A possible control canpgegformed on the
air- fuel ratio through a switch-type sensor plabefbre the catalyser.
Typically, the output of the sensor is converted@ ibinary signal, lean
mixture for voltage lower than 450mV, rich mixtuig voltage higher

than 450mV. In this way, a control structure likeP& is realized

(Figure 3.6): the correction of injection time istained by multiplying

the injection time for the output of the controllefhe advantage
derives from multiplicative characteristic of dinel ratio. [8]

FEED-FORWARD
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Figure 3.5Control system of air-fuel ratio
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Figure 3.6Control system of air-fuel ratio with switch sensor

The air- fuel ratio influences the combustion @& The air quantity

m, entering the cylinder depends on some effects: tthettle valve, the
aerodynamic resistances, the resonance in the aldnétc. The theoretical air
guantity my, entering volumeé/y with a standardized pressum® € 1.013bar)
and an air densitygy = 1.29kg/n?) is m, s, = &Va. The ratio between real value
and theoretical value of air mass is equal
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while as regards fuel mass:
T
i

Meen

The theoretical fuel massyy, is equal to the necessary mass for an ideal

stoichiometric combustion. Under normal condititims stoichiometric ratio is:
a.th

m
L, =—2" = 1467
Meon

And A is defined as:

Aﬁ
1=

As

Therefore, substituting the previous relatiohsan be defined as:
J=Ma Mpen _ 1 Mg
Mg My Lo mg

For an ideal stoichiometric combustion, this ragiequal to 1.

In theinternal combustion engine, the air-fuel ratioriuenced by the
variation of A, (that is established from driver) forda given [9]:

e Lean mixture 4>1): the injected fuel is less than that necessaryafo
stoichiometric combustion. I belongs to the range 4<1.1, the
thermodynamic efficiency increases all the sameabse of the high
temperature of combustion. This produces high géro oxides
emissiondNG,. For bigger], the efficiency is moving downward.

* Rich mixture g<1): the injected fuel is more than that necessaryafo
stoichiometric combustion. 1fA<0.9, an unfinished combustion
produces high hydrocarbons emissions in the exlyassand decreases
the effective work. IfA<1, the thermodynamic efficiency is moving
downward.

3.2.3. Spark advance control

The purpose of engine control as regards the spdiance, is to
provide an advance that permits, depending on ifiereht zones of engine
working, to optimize the engine torque, the emissjdhe fuel consumption and
drivability. Moreover, it has to be able to prevéime knock phenomenon. The
strategy is composed of some tables containindpdisec advance in function of
load and engine speed. These tables are stored R@M memory of the ECU
and are defined experimentally through bench teStsme corrections are
produced to the basic advance to manage the efféth® engine temperature,
EGR, the ambient pressure, and the knock.
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The spark advance is used to rapidly vary therentprque in the idle
control and to increase the quality of gear changethe automatic
transmissions. Figure 3.7 shows a typical schenspafk advance control.
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Figure 3.7Advance control

3.2.4.  Knock control

The internal combustion engine efficiency is alsoited by the knock
phenomenon. To avoid the knock phenomenon, the i@ssion ratio has to be
below a certain value and the ignition has to bénoped both off-line and on-
line. The task of knock control is to identify tkeock with sufficient sensibility
and to control the advance with rapidity so that #ngine works to the
maximum, which divides the zone of normal combustimm that of knock.
The first optimization is realized in the phase esfgine development. The
nominal ignition times are stored in the enginetawrunit. These times have to
be corrected considering the fuel quality and thgiree characteristics. For this
reason, a knock sensor is fundamental. This sasdited to the engine block
and it is able to inform when the combustion beconmeigh because of knock.
Therefore, the sensor sends a signal to the ECldhaihtervenes by retarding
the ignition (as to decrease the advance), untérwthe combustion doesn'’t
resume the normal progress.

The knock control is very important in the zonéhafh load and high speed.
In fact, on the one hand in this region the knobkmomenon is very dangerous
while on the other hand it is important to reacthigh level performance.
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Moreover, consumptions and exhaust temperatureishvare always critical at
the high loads, are decreased [8].

3.3. DIAGNOSIS

The diagnosis is the ability of the electronic systto verify cyclically the
good functioning of external components (sensodsaatuator) or of the system
itself and to distinguish between failures and esidt is actuated through the
knowledge of the working condition of the controyseem and of the
correspondence between this information and thesuomed values. The
diagnosis was born for different motives:

e Normative requirements;

» Safety of the people and prevention of the risks;

e Monitoring of the quality of the product and saision of the
requirement customer market;

One of the main targets is to provide strong ardible products and/or
services. A product istrongif it is little sensitive to the causes of variitliof
the performance which can be generated from:

» Control factor;

» Environmental factors and conditions of usage;

* Noise factor ( parameters of prior controllablegass but difficult or
expensive to control);

A product isreliable if it satisfies all the customer’s expectationgamling
to the functions, maintaining the answers in thegeaof acceptability expected
by the costumer.

In the past, the systems were quite easy and dt falure a specific
behavior of the system was referable. With the mreg of the electronics and
the increase of the complexity of the systems ia #ehicle, an abnormal
behavior was not always referable to an exact cakee this reason, the
necessity to use the information presented in feetrenic systems and to
render it available, the diagnostic tool is borheTdiagnostic system receives
some input from the control system in terms of\vation conditions and of
parameters of engine working (Figure 3.8).

I ¢ Control Siitisiit
HpH Algorithm HERH
Input Diagnosis Output

Figure 3.8Diagnostic system
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The diagnoses can be of three types:

» Electrical diagnosisalgorithm based on the identification of limits o
out range for physical signals;

» Diagnosis of congruence or plausibititglgorithm based on physical
congruence relations presented between differ@atstyf input (this is
possible only if in the system there are more messof the same
physical phenomenon);

* Functional diagnosis algorithm of congruence performed between
different types ofinformation of the system which present functional
relations.

The diagnosis system of the ECU, after having iestithe signal status,
points the failure to the start or during the watki(recovery). The recovery
strategies are algorithms which, in the case oft,fqermit to operate with
decayed performances. If a sensor doesn’t opetae=CU replaces the value
provided by the sensor itself with a value of resnyy calculated in an indirect
way, that is through values obtained from othersees The purpose of these
strategies is:

» To avoid other failures to the system;

e To guarantee the safety of the passengers;

* To assure the achievement of the welfare network;

The operating procedures of the faults expect

* The identification of the conditions of existendeadault;

» Filtering state of the fault;

* The storage DTC (Diagnostic Trouble Code) in thetid unit;

The current normative expects that the faults togretvith other data stored
in ECU have to be easily acquired from the outdideugh a diagnostic
connector. After having pointed out any failuretioé system, the ECU enters
filtering state, where it persists for some valiolattime and during this phase
the DTC aren’t stored yet in the ECU memory so ihas able to isolate a
generic noise from a real fault of the system. &t énd of this state, if the fault
is present still, it is stored in the not volatiemory.

Each ECU is connected to:

* Some sensors which permit the control unit to aeguformation from

the outside;

e« Some actuators which permit the control unit tofgren particular
operations;

» CAN (Controller Area Network) communication netwonkhich
permits the control unit to meet the other ECUs, amdreover, to
perform the diagnosis operations through suitadibést

The purpose of the diagnosis algorithms is to adnitre exact working of all
the actors (hardware and software) involved in tlatrol system. These
algorithms work in the background during the norropkrating and provide
output only if some conditions of activation areified. In general, they have
to:

» Recognize the fault type;

» Establish the possible causes;
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» Avoid the functional deterioration originated frdault;
Signal the fault to the driver through lamp M.l.Mdlfunction Indicator
Lamp)

3.4. ECU SOFTWARE AND HARDWARE ARCHITECTURE

The ECU software is written typically in assembterde with real-time
kernel. Over the last few years, there has bedmagstrend to the high level
programming (for example MATLAB/Simulink softwar@nd then to utilize
suitable tools which permit the translation in asisker code for the desired
platform.

A typical ECU hardware architecture includes (Fey8r9):

* Some standard microcontrollers and at least one (e processing
Unit) which synchronizes the commands of enginetrobrwith the
reciprocal engine actions;

«  RAM memory to store the variables;

e EEPROM memory to store programs and tables of redidn;

* A/D converter which converts and conditions thenalg from analog
to digital coming from sensors;

» D/A converter which converts and conditions thenalg from digital to
analog to send in to the actuators;

»  CAN communication interface;

Throttle 'l A N
Lambda | conditioning and Microcontroller D/A converter and :i?;:t?)r;
;pm A/D converter conditioning .

RAM

(" EEPROM

Communication Calibration
interface

Diagnosisﬁ

Figure 3.9ECU hardware

Therefore, the “command center” of the ECU is alsmarocomputer with
a program memory which stored all the algorithmstfe control processes.
The input variables that derived from the data ikexkfrom sensors influenced
the algorithm calculations and, consequently, tloatrol signals for the
actuators. The actuators convert the electricaladgginto physical quantities.
Moreover, the ECU can also exchange data via thBl @#&h other electronic
systems such as the ESP (Electronic Stability Rroyrin this way, the engine
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management system can be integrated in the ovesdlicle management
system.

3.5. SENSORS

The engine management system employs sensorstierghe operational
data required for open and closed-loop controlhef ¢ngine. By monitoring
physical and chemical parameters the sensors &dafurnish information on
the engine’s current operating status. Examplethede monitored parameters
are: manifold pressure, camshaft position, crarfksheation rate, etc.

3.5.1. Phase and engine speed sensors

The signals generated by engine speed sensor goltblsg sensor permit the
ECU to identify univocally the crankshaft positiand the phase of the
cylinders. At the start, the ECU proceeds to tleegaition of the phasing of the
injection and of the ignition, which are fundamérita the functioning of all
the strategies. This identification is performedthba basis of the interpretation
of the sequence of signals coming from the phassoseplaced in proximity of
the trigger wheel, and from the phase sensor, glawe the camshaft. The
number of teeth on the trigger wheel is 60 altho@gteeth are omitted as to
create a discontinuity: the angle between two ooutsee teeth is 6° while the
angle relative to two absent teeth is 12° more tthenrange between two
consecutive teeth. The two absent teeth allow thehsonization with the
camshaft and to have a reference mark for the measuhe angular position.
The crankshaft sensor is an inductive sensor. Toreré generates a sinusoidal
signal which is proportional to the rate of chanf§éhe magnetic flux. The level
of the magnetic flux depends on whether the seissopposite a trigger wheel
tooth or a gap: if the distance between the triggbeel and the sensor is
minimum, that is a tooth is faced with sensor,rtagnetic flux increases, while
if the sensor is opposite a tooth gap, the fluxreleses. The amplitude of the
sinusoidal voltage increases strongly along witlréasing trigger wheel speed.
The signal generated from crankshaft sensor hasetoonverted in a digital
signal through an A/D converter. The phase sersear Hall effect sensor that
outputs a waveform square.

The outputs of two sensors in function of enginesesp define the
synchronized signals (Figure 3.10).

3.5.2. Manifold pressure and temperature sensor

A manifold pressure sensor sends a voltage valtleet@ngine control unit,
proportional to the pressure measured. The seasardiebimeter based on hot
film or hot wire air mass meter. It is constitutegla platinum thin plate heated
electrically and crossed by an air flow that tetalsool it. A circuit controls, in
feedback, the temperature of the thin plate, maiimg it at a constant value,
and the current which serves to make this, reptesemeasure of air mass flow
rate that crosses the sensor. This signal is cteténto a voltage to send to
ECU. This sensor is able to evaluate the flow dioecusing two temperature

52



sensors present on the thin plate, which also gdeotle value of air crossing
manifold.

The sensor has the advantage to perform a direetsume with rapid
response time (below 15ms). It also presents drekgbadecay of the
performances caused from soiling, cost and seitgitil pulsation of flow.

In engines with turbocharger a sensor to meas@ethssure afterwards is
installed. The sensor is of the same type as tirateasuring the manifold
pressure. The information of the afterward pressurbocharger is used for
turbocharger control and for the management of tthasitions of load (as
information on the pressure to the bottom of theottalve to advance the

progress of the manifold pressure)
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Figure 3.10Synchronized signals

3.5.3. Accelerator- pedal sensor
The driver has the possibility to send some regutsthe engine- vehicle
system and the engine control unit has the tasktéspret these requests that
directly affect the working of the engine. On to®aelectronic engine
management systems, the driver’s accelerator irgretéransmitted to the ECU
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by an accelerator pedal sensor which registera¢belerator pedal travel, or the
pedal's angular setting, and sends this to thenen@CU by means of an
electric signal. The core of this sensor is theeptidmeter across which a
voltage is developed which is the function of tleeederator pedal setting. A
second (redundant) sensor is incorporated for disigrpurposes and for use in
case of malfunctions. The voltage across this paeeter is always half of
that across the first potentiometer. The gas-peutsition, together with
information about the actual working condition dfetsystem (engine and
vehicle speed) permits the ECU to calculate thanentprque required by the
driver through the gas pedal [11].

3.6. ACTUATORS

After receiving the electric signals transmitted thye sensors, the ECU
processes these data in order to generate coigrals for the actuators. The
actuators can be commanded in various ways:

e Through application of a constant voltage (relaysl dow-power
loads);

e Through PWM (Pulse Width Modulation) signals;

» Through analog signals in current (rarest, usedifonunity at the
noises);

3.6.1. Coils and Injectors

The injection phase, defined as the angular timeeraf injected that is
measured in comparison with the end of intake phafseorrespondence
cylinder, is calculated in function of the enginpeed and of the intake
efficiency. To guarantee that the combustion begirthe desired engine angle,
it is necessary to establish with how much advancstart the charge of the
coils, so that these latter have the sufficient @ote generate the spark at the
desired time. Thanks to this information (injectiime, spark advance, time to
charge coils) it is possible to generate the sgytalguide the coil and injector
drivers. Coils and injectors are guided by some-$ide drivers, which are
driven by a digital signal so that they can opemsea controlled switch. The
time to recharge the coils measured in engine éegrealleddwell angle This
angle is function of the engine speed and batteltage. It is such as to allow
the achievement of the desired current value orptiveary circuit of the coil
immediately before the time in which the spark go#sThis has to be done to
assure the necessary charge, also in case oftrap&lent response.

In the gasoline engine, the Time-Angle operationused, which is

characterized by two modes of working:

» Time- priority. in this mode the active duration of signal (dwtathe
DT) doesn’t change; the duration of low-pulse isstant. This means
that if the period, with which the wheel turns, obes, the leading
edge occurs at a different angle (for example bszaof a
deceleration);

* Angle-priority. this mode is used, instead, when it is requifed the
signal has the leading edge to an exact angle.
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For the injectors the Time-Angle with time prioritgode is used, because
the duration of the injection has priority whiler ftne coils the Time-Angle with
angle-priority mode is used because the priorithésignition angle.

3.6.2. Throttle Valve

In the traditional system, a mechanical connectiansmits the movement
of the gas pedal to the throttle valve. In thisegdlse air quantity taken in by the
engine depends exclusively on the action of theedrdn the pedal and the task
of the ECU reduces itself only to measure the aissrflow rate through sensors
and to inject the exact fuel quantity.

Today the drive-by-wire systems are used. They @navided by an
electronic throttle control (ETC) and in these pleelal position is measured by a
potentiometer and is converted in an electricahaigvhich is sent to ECU. In
this way, the connection between pedal and thritleliminated so the ECU
will manage the air mass flow rate.

The electronic throttle control consists of a direarrent electric motor that,
through a mechanism of reduction, permits to arenthé throttle pan (Figure
3.11). The shaft, on which the pan is fitted, fesighe action of two return
springs. These springs act separately: one exellyson the small angles (that
is the angles which permit to manage the idling) ather on the further angles.
However, there is a position which suffers the cmat) action of both springs
and it is a position of repose in which the the#egts itself when the DC-motor
is switched off. This position, which representdimmp home condition for
engine system, is called NLP.

Figure 3.11Electronic Throttle Control

The main operation statements of the ETC are:
* Response time for a maximum excursion inferior@6ms;
» Lack of under and over elongation;
The electric motor is managed from a H bridge adied in duty-cycle. The
frequency of the driver is connected to the noésell In fact, over a threshold
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frequency (10 kHz, the noise emitted by the eleatmotor is no more audible.
The duty cycle of command can be managed in twesway
* Slow Decayin this mode the terminal voltage of the elecimotor
commutes effectively from value of supply duriiig, to zero during
Totr
» Fast Decay in this mode the terminal voltage of the electmotor
commutes from value of supply in one way duriig to the value of
supply changed of sign (reversal of positive poléhwhat negative)
during Tog;

The signal sent by the accelerator pedal senssal®rated by the ECU and
transformed into a signal going to the electric anathich animates and sets, in
correspondence with desired opening angle, thettilrovalve. A greater
accuracy in the positioning is guaranteed by tleelfack: a sensor identifies the
exact position of the throttle valve and, in cop@sdence with it, sends a signal
to the ECU, which is able to evaluate the diffeeebetween the desired and the
real position. Therefore, the sensor that meastiresthrottle opening angle
assumes a central role, since at this angle theatdoop on the throttle valve is
closed. Given the importance of this informatiam,guarantee a certain safety
level two sensors are used, this both to realieefuihctional crossed diagnoses
and to have a functional redundancy. To obtainttie analog signals suitably
treated, on the throttle device two potentiometen® present. These
potentiometers provide two voltage values direptigportional to the angle of
the throttle valve opening. They have a voltagerattaristic with opposite
slope. Each dhs, the values of voltage are read to the terminaémiameters
and then, after having inverted the characteristinose performs the comparison.
If these voltage values diverge from a certain @athe system goes to recovery
and a safety angle is given as output. In otherdsiothe driver input is
registered by two potentiometers and then takirtg eccount the engine’s
actual operating status, the ECU calculates thetttarvalve opening (which
corresponds with the driver input) and convertatit a triggering signal for the
throttle valve drive.

In the gasoline engine, the power is thus moduléiem the throttle valve.
The usage of throttle valve therefore causes te lpswer to the engine,
increasing the consumptions and the emissions lgxalen the valve is opened
a little, that is, when little power to the engiseequired as occurs typically in
town. The solution to this problem is to regulabe air aspirated from the
engine, modifying the opening times of the intaldves. This is an intelligent
solution but it is complex to realize. In this cext, the MultiAir is born. The
solution developed by Fiat is a middle course betwa system without cams
and a hydraulic control of the valves. The fundtigncan be summarized in the
following way: the cam moves a hydraulic piston ebhin its turn controls the
intake valve. The oil is practically irrepressilalad, therefore, it acts as a rigid
body and the system is thus exactly as a classikimgof the valves. The trick
is in an ON/OFF valve which opens the oil chamhstipg it in communication
with a small accumulator placed nearby. When thisesis opened, the oil, put
in pressure by the cam, goes to the accumulatodaesin’t press the cam which
is closed through a spring. To obtain a delayechimggit is sufficient to close
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the ON/OFF valve with a small delay, while to claseadvance it is enough to
open the valve in advance. Through the managenfi¢hé walve opening times,
the air mass flow rate to the engine is regulafettarom the throttle valve. In
theory, the MultiAir engine doesn’t necessitate thmttle valve, but in reality
the throttle is still present only now it is elestictuated. Therefore it is no
longer managed by the driver through the gas p&dha.reason to still have the
throttle valve is connected to safety motives isecaf malfunctioning. In
reality, there is another aspect of interest whacthe impossibility to measure
and to know the position attained by the valvefdct, the system permits to
select the valve when sending the signal to opén olose but it is not possible
to know exactly when this occurs and, it is notgiloie either to measure the
position attained by the valve. Instead, if it Ha®kn in this way, the throttle
valve could have been eliminated completely. Thigeat underlines that the
compressibility of the oil changes with the tempera, which influences the
delay between the command and the effective openihis can make the
management of the air difficult in some conditiofikerefore, the presence of a
throttle valve helps in the critical conditions.€T$trategies of the opening of the
valves are defined on the basis of the engine wgrkn particular, at low speed
with little accelerator, the valves are opened wlighay and closed in advance to
obtain a little raise and thus a little flow ratghen the engine torque is required
to start at a low speed, the maximum raise is nbthbut the valve closure is
advanced. This permits reducing the crossing wi¢hexhaust valve, improving
the air charge at low speed. In the intermediateking zone, the system can
execute the duplex openings (multi-lift) which deeaa greater turbulence
supporting the mixing of air and fuel to obtainad combustion.
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Chapter 4 Engine Model

In this chapter a multi-cylinder, internal combuosti engine model is
presented. The chapter describes a new modulgsjgally based and lumped
parameter (zero dimensional) approach, leading toraplete and coherent
model structure. The model is conceived to be usét general purpose
simulation software, as MATLAB/Simulink. The meaalwe outputs of the
model (pressure, temperature, mass flow, torque) eompared with
experimental data, collected by real engines (soew Fiat engine examples
are used), in order to perform a standard ideatifict and validation procedure.

4.1. ENGINE MODEL DYNAMICS

The internal combustion engine can be seen as hnean process with
multi-input and multi-output, provided both with rtoollable inputs (i.e. fuel
mass flow rate and spark advance) and with uncleitte but measurable
inputs (i.e. throttle opening angle) and with urtcofable and unmeasurable
inputs (i.e. load torque). The complexity of the dals, involves the physical
and chemical aspects of the combustion processdimone or multi-zone), the
air flow dynamics (wave effects) or the liquid dsjtion and vaporization
dynamics (wall wetting).

Widely accepted method for modeling Naturally Aaped (NA) Spark
Ignition (SI) engines is the Mean Value Engine MoéVEM) thanks to its
great flexibility, good performance and low poweomputation [12]. It
describes the average dynamics of engine physa@bies over time periods
which are long compared to the dominant time cantstaf the engine, such as
crank shaft speed, manifold pressure and air/fualo r[13],[14], [15].
Nevertheless, MVEM does not include explicitly ascliption of the intake,
exhaust or combustion processes, but simply reptesbe overall result. A
major advantage of such a kind of models is theipke structure: no more than
three nonlinear differential equations, relatedh® air flow through the intake
manifold, the well-wetting (film fluid) on manifoldwall, and the engine
crankshaft dynamics, respectively and certain nurabelgebraic equations.

4.1.1. Air Dynamics
The air dynamic describes the development of pressmanifold and,
accordingly, air mass flow rate entering the cyird The system inputs are
throttle angle @) and crankshaft speedh)(while the outputs are manifold
pressure ffna) and air mass flow rate entering cylinders,{;). As shown
Figure 4.1, the air dynamic is composite from thrkeks:

e Throttle valve blockcalculates air mass flow rate that passes through
the throttle valve. The throttle valve controls 8w rate entering
cylinder as that it can regulate engine torque. pSamg one-
dimensional isentropic flow through a duct of coegsible fluid, the
throttle valve model is:
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WhereC, is the is charge coefficient that has been intceduto
consider non-isentropic flow and is determined expentally, Ay, is
the throttle plate open area and is a functionngilea for the throttle
plate geometryP,., and T, are ambient pressure and temperature
respectivelyPcr is critical pressure ratid=c,/ ¢, specific heat ratioR
gas constant.
Intake manifold bloclestimates the manifold pressure. Several models
of the flow in an intake manifold have been progbs@ne simple
manifold model that describes many of the abovenphena is the
filling and emptying model. It is based on the asption that at any
given time the manifold pressure is uniform. Furthbe filling and
emptying model is a mean value model which ignotesyrefore,
periodic components of pressure generated from omotif intake
valve. In all working state, the mass of air, imakfrom engine,
depends on environmental conditions to the bottérihmttle, that is
pressure and temperature, that are supposed tleafahose outsides,
on throttle angle, on physical conditions preseiitethe manifold, on
engine operative point given from engine speed. ddugation for this
model is:

n vV RT an

I‘:'lman = - T "11: Pman T ' Tﬁ'rh (a’pmrzn)

WhereV; is the engine displacemeivt,s the manifold volumej,
is the filling coefficient and,a, is the manifold temperature.
Speed density blockalculates the air mass flow rate entering the
cylinder that is function of the crankshaft speed,the manifold
pressure and of the throttle angle. The equatidheomodel is:
) _on Vi,
My _E RT,_. Prman
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th, air mass flow rate that passes through throttle

Figure 4.1Air dynamics

4.1.2. Fuel Dynamics

In internal combustion engine, the amount of irgdcfuel is determinate
from appropriate algorithms in function of air mdksw rate expected in all
engine operative point. Typically, inside the emgaontrol unit some maps are
memorized which provide, in function of the manif@ressure, of the engine
speed, of the engine temperature and of the othtx gariable of system, the
amount of fuel to inject to obtain an optimal afuel ratio in that engine
operative point. The fuel enters the air streama éiquid jet. When the fuel is
injected in the manifold, the air flow at high sgestomizes it into droplets. The
smaller droplets vaporize completely accordinghe equations that regulate
the mass and heat transport process between tHealfplets and the gas flow,
or remain suspended in the flow. The largest displastead, impact on the
manifold walls making so called well-wetting (filftuid). The fuel film, that is
deposited on manifold walls, vaporizes therefor¢hva time constant that
depends from the temperature of the walls and ttwrair in the manifold. The
system input is the fuel mass flow rate while thistem output is the fuel mass
flow rate entering cylinder (Figure 4.2).

the Film th g
Fhuid
i, fiel mass flow rate thy, fuel mass flow rate into cylinder

Figure 4.2Fuel dynamics
Several models of the behavior of liquid- fuel walilms have been

developed. An mean value engine model is used gorithe the fuel dynamic.
The equations that describe this dynamics are :
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Wherenmy is film fluid, my, is the fuel hanging in air at gas or liquid stiate
the manifold x is the fraction of fuel that deposits on the maldifwalls, 7is the
evaporation constant of film fluid ang}, is the characteristic time of the intake
process.

4.1.3. Crankshaft Dynamics

The crankshaft dynamic is composed from two partiesnbustion process
and crankshaft speed. The combustion system motteds process of
transformation of chemical energy into mechaniealjte and heat by the
combustion of air-fuel mixture into the cylindem Figure 4.3, the blocks
composing the crankshaft dynamics of the engineehare presented. The
combustion process is composed from following béock

Burned Fuel blockalculates the fuel charge actually burned dutfireg
combustion. It is supposed that only the air-fuéktore that is in a
stoichiometric ratio (14.6 part of air for 1 part foel) participates
actively to the combustion process. If the air-foékture is lean {=>1)
all the fuel in the cylinder takes part at the costion; while, in rich
condition (<1), only the 14.6 -th-part of the cylinder air is burned.
Thus, the burned fuel is computed as follows:

o (2 aza
mfsz‘l_ﬁ.‘l
5T

1 A< 1

WhereAsris the stoichiometric value of the air-fuel ratio.
Combustion efficiency blodstimates the efficiency of the enging)
in transforming the chemical energy of the fuebimechanical energy
through the combustion. It is modeled as a prodfitivo components
n,, that computes the combustion efficiency as atfanof the engine
operating point, angay, that modulates the combustion efficiency as a
function of the distance between the real and timainal value of the
spark advance:

M =co+ 8(cy 42— e, 1)

Ny =1 —¢c5(8 — 6%)°

e =M1 Nav
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Where 6 is the spark advance? is its nominal value for the
production of the torque from the combustion andsita nonlinear
function of the engine operative point:

6" = flnmg Tooor)

Wheren is engine speed and,, is coolant temperature.

» Combustion block estimates the effective torqueegstied by the
combustion T) and the heat produced by the combustion warntieg t
exhaust gas:

Ny T'nfs Quv
T

Q, =B [1 - ﬂf)mfs‘-?ﬂv

T =

Where Quy is the low heat value of the fuel agtidescribes the
time- varying partition of the thermal energy diegt toward both the
engine mechanical components and exhaust gas

e Thermal dynamic blocknodels the dynamical behavior of the exhaust
gas temperature:

TFG = aDQ.u — ayn (T —T,00;)

* Unburned hydrocarbons blockcalculates the total unburned
hydrocarbonsTHG,,) at the exhaust pipe as a function of the feedgas
temperatureTrg), air mass flow rate, spark advan&®, engine speed
(n) and air/fuel ratio f).

The crankshaft blockhas a behavior comparable with that of a firsteord
system, which time constant is a nonlinear functidnthe engine operative
point. It calculates the engine speed.

th, ] N
—> B 4 facl g, Tmll mal el l
Ut
h _l_' Q Tre TH
Combustion Z Thennal Unburned _Csm
dymarmic hydrocarbons
8 . | 3 r 3
N Cumb.ustwn - -
h efficiency n
L] — | Crankshaft
I )
Teoal
fh, air mass flow rate T efgine torgue
kY airffuel ratio n engine speed
i3 spark advance V' Teoal coolant tem perature

fuel mass flow rate
THCy. unburned hydrocarbons

Trs exhaust gas temperature
ny combustion efficiency

Qu heat produced by combustion

Figure 4.3Crankshaft dynamics
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4.2. AN ELECTRICAL INTERPRETATION OF ENGINE MODEL

The adopted modeling methodology, starting fronaaalogy with electrical
systems, simplifies the approach eliminating thacspdynamics (multi-zone
combustion and wave effects), while preservingtthme dynamics (resonance
and tuning phenomena). In this way, it is obtaiaadengine description similar
to an electrical (although not linear) circuit, lwill the useful consequences in
term of existence and numerical availability of #wdution. The advantages are
in the specific comparison that is found between éngine components and
variables (as throttle valve, cylinder, inertials), with electrical counterparts
(current, voltage, resistance).

The main benefit achievable is the simplicity tangmse the whole engine
model and customize it including all the latestides. So it is possible to easily
implement both a baseline engine and a high comalggmotive system (see
[17]).

The application domain of the engine model, thaidssible to obtain with
this methodology, is the analysis of dynamical lwéraof engine, too difficult
to investigate on the real system, an example scpanvg or exhaust gas
recirculation, allowing to test the engine dynamigsler different operative
conditions with a good level of reliability and acacy.

There is an analogy between mechanical and elactsgstem [16]. A
physical system can be decomposed in elementasysigms or elements. For
each elementary subsystem is possible to defilee tharriables named:

* g quantity, i.e. variable of the element

« i flow, equal todg/dt i.e. the variable that flows across the element

» vforcing, i.e. the variable acting at the extrerobthe element

The Figure 4.4 reports these variables for eledtydraulic and mechanical
elements. The main features is that one variabfe bz considered constant
despite the others or, alternatively, can be cemeil constant the following
ratios:

vov L

i'didv

dt dt

as shown in Table2of Figure 4.4.

Tahle 1. Variables Table 2. Parameters

sloment a i v element parameters
eleciric charge eurrent voltage electric rosistance inductance capacity
q [] ifd v [V] R=2 L= C=og
; L R K ) st S . 5 ar T
bydranti Hfh‘mi( .ﬂ-.m LAk ? pra*.:ur}_:_ hydranlic pneumatic prieumatic
. Vm i [kg/sec] | p [N/m?] resistance capacity
mechanic | angle .w'_pw:l_ s R=1% =0
f# [rad) w [rad/s] I' [Nm] ) o o i3
mechanical friction inertia elasticity
B—=L - _53_ '.'l" Y
T oW P = Lt 2 arT
k- * S
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Figure 4.4Tables of variables and of parameters

For a network of elements and in particular coodsi the variables are
related thought Kirchhoff laws, as follows:
» for each node of the network, the algebraic suth@fflow variables is
zero

Yoo

h

whereiy, is the flow across thie-th-element.
« for each mesh of the network, the algebraic sumthef forcing
variables is zero

Ynmt

R

Wherev, is the forcing acting on theth-element.

Considering the engine formed by mechanical comptsneas throttle valve,
manifolds, cylinders and crankshaft, crossed bys the analogy among the
electric and the mechanic and hydraulic elemenyrésented. Regarding the
mechanic systems an analogy, named "Maxwell's ggalcan be found among
speed and torque respectively with electric curiemd voltage. It results in
considering the mechanical frictidhas an electric resistan&eand, similarly,
the inertiaJ as an electric inductandeand the inverse of the elasticityas a
capacitorC. The same considerations can be done for the bhlydr@lements.
Here the analogies are between the gas flow ratethe current, the pressure
with the voltage and the volumé with the chargeq. Then, the electrical
resistance corresponds to the pneumatic resistémteis the resistance of gas
flowing across an orifice, and the volume to arcgie capacitor. All the parts
composing the engine can find an equivalent elsdtrecircuit or element.
Moreover, in order to exactly describe the operatib electrical circuit, it is
necessary to use the Maxwell equations. Theseagatnre both the dynamics of
the electrical quantities, such as currents andagebk, and the related
electromagnetic phenomena, as transmission andti@ui Fortunately, if the
size of the circuit is small compared to the wangth of the electrical variables
(i.e. the ratio between the light speed and thguieacy of the pulsating events),
these electromagnetic phenomena can be neglecteda Aonsequence, the
partial differential relationships of the Maxwelju@ations can be simplified to
the widely used electric equations, that are thechfioff laws and the
current/voltage relationships of circuit componen8imilarly, the same
approach can be extended to the internal combustigme, providing that the
wavelength (in this case the ratio between the d@peed and the frequency of
its pulsating events) is large enough comparetddength size of the engine.

The analogy between the mechanical and electrioaiponents can be
extended to the relationship governing the relatjuantities. In fact, the first
Kirchhoff equation has a specific counterpart ia thass conservation law and,
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similarly, the Bernoulli equation can correctly lae the second Kirchhoff
equation.

4.3. ENGINE COMPONENTS

The engine is seen as an array of cylinders, hasgrgmon connections
with an intake and an exhaust manifold. The conoestare regulated by valves
opening. the elements composing the engine canalssifted in the following
categories: volumes, orifices, inertial effects aodnbustion. In the following,
each category is introduced and the relationshipranthe interested variables
are reported.

4.3.1. Volumes

The intake and exhaust manifold and cylinders,gaoeiped respectively as
constant and variable volumes. The electric copattiis the quantity of charge
stored in a capacitor, as shown in Figure 4.5 témpthe corresponding circuit.

Applying the corresponding current/voltage relasioip and considering the
analogies with pressure and temperature insidevttheme, it is possible to
obtain the classical equations. Starting from idgal equations:

pV=mRT

WhereR is the specific gas constant amdis the mass of gas, the equations

are.
. Ry . . ¥—1, pV
pzT Zmiﬂ_sz}'—l—Wstt_?
i j

. RyT ] T ) T y—1 . pV 1
T= —— Emiz_(1— )— T E m1—— +—Qm——(1——)
pV |L ¥T; ! ¥T; Ry R ¥T
]

7
Wherei represents the entering mass flow atlte outgoing mass flow.
It is remarked that, regarding the intake and eghawanifolds, since the
volume V is constant, the derivative terms in thaation disappear.

Constant Condensator “ariable Condensator

E b

) (3]

Figure 4.5Volume equivalent circuit; a) constant capacityyaliable capacity.
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4.3.2. Orifices

The orifices are responsible of the pressure dedmsg the gas path. They
are modeled as variable resistances causing eqoivaloltage drops, as
illustrated in Figure 4.6. The size of the orifie variable and regulated by
valve opening, as throttle valve, air bypass, iatakd exhaust valves[1].

The electrical resistance is governed by a statationship between voltage
and current, corresponding to a static relationshgiween the analogue
variables, i.e. pressure and flow rate, in accgrdinthe well known equations
[14]:

y+1

_ Cpdrpg ( 2 )2 =0 Pr
m, = —— ¥1 — =1

VRT "z +1 P

1 ¥-1

. Cpdrpy (Pr\v | 2¥ Pry v Pr
My, = —— | — —1—-— —=1

VRT ‘po/ (¥ —1 Po Po

Wherep,; andp, are respectively the pressure upstream and dovemstthe
orifice.

Figure 4.60rifice equivalent circuit.

4.3.3. Inertial effects
The inertial phenomena can be considered as miflmrtee but not

completely negligible. They describe the reduction the increase of the
pressure upstream the valve of a quantity propuatito the derivative of the
mass flow through the same valve. They are modatedn linear inductance
(Figure 4.7) regulated by a differential relatioipshetween voltage and current,
corresponding to the following equation:

=p—kh

pGD?"?"

wherep.r is the manifold pressure) is a generic mass akds a parameter

to be set.
__I_
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Figure 4.7Inertial effects equivalent circuit.

4.3.4. Combustion description
The combustion process constitutes the most mefuhiramd complex

phenomenon occurring into the engine. In order taleh the in-cylinder cycle
pressure, an equivalent electric circuit has bepted, as shown in Figure 4.7.
The circuit is formed by a variable capacitor, esgnting the cylinder volume
equipped by an impulsive voltage generator. Thissea an impulsive increase
of the voltage at the capacitor extremities andsequently, generates a current
flow thought the capacitor. This phenomenon cowasds to the well known
combustion process, i.e. an impulsive increas@@fn cylinder pressure caused
by the combustion resulting in a torque generadiod in mass flow through the
exhaust valves. The equation regarding this prodssslescribed by the
following relationship:

@sx!‘ = A (85, )(Ty — T) + hyAy (T, — T) + Myl Mpurn (A 2) S (850.2) P

Whereh, andh, are parameters to be set ahdand A, the lateral and base
area respectively. This equation represents the¢ heaer generated by the
combustion affecting the pressure and temperatlit® cyclic variation has
been implemented as a function of the operatinglitoms of engine and of
random factors needed to model the combustion dygleycle and cylinder-by-
cylinder irregularity. m, represents the fuel burned during the combustion,
calculated as the product of injected fuel mass mmabs fraction burned.
Injected fuel mass can be calculated from fuel flmte and fuel injection
duration, while different mathematical functionsncbe used to empirically
model the mass fraction burned.

An accepted model to fit the combustion cycle is Wiebe function
given by the equation:

Ty = mfus!xw

wherex,is the fraction of the total fuely, inside the cylinder

1_ erglﬂ-‘-
X, =————
1—e7"
with
8 —8_(6:,)

¥ B (8o — 6.(6,)

The fraction of fuelx,,is function of crankshaft angl@and varies between
0, whend@is equal toy &) (the angle that determines the combustion begin),
and 1, wherfis equal tods(&;s) (the angle that determines the combustion end).
Both &(6.s) and 856, are function of spark advance angle throughcstatp
obtained experimentally. The Wiebe function prosgideconvenient approach to
model the mass burned fraction, computed directiynfthe combustion data
using two only parameters; cexperimentally selected
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Finally, it is possible to estimate the correspagdiombustion heat release,
S é.np) , for the firing cylinder, given by a single zom®mbustion map
modeled as function of spark advance angle anddstipressure.

et 5

Figure 4.8Combustion equivalent circuit

4.3.5. Equivalent circuit of the whole engine model

Based on the analogies depicted in the previousosethe entire engine
can be represented by the circuit shown in Figue 4

The model starts describing the dynamic of the cagssing the intake
manifold, i.e. driven by the ambient pressure (aesu generator), the air mass
passes the filter (a resistance) and the throtilty{a variable resistance) and
arrives into the cylinder through the intake valfasnew variable resistance).
The cylinder are described by a parallehafombustion equivalent circuit, with
n the number of cylinders composing the engine. I§inthe gas mixture is
discharged into the exhaust manifold through thkaesgt valves (a variable
resistance) and ends into the ambient crossingninéler (a resistance). For
sake of completeness, it is possible to introdde® ihductors that naturally
represent the inertial effects of the current amredadole to describe the analogous
effects of the fluid columns.

Cylinder n

Air fitter  Throttle body litake valve Exhaust valve

|
Intake inertia Exhaustinertia Muffler

——
Intake manifold
| T
I
Cylinder
Combustion
I t—
Exhaust manifold
Ambient pressure

Ambient pressure

Figure 4.9Internal combustion engine equivalent circuit
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Chapter 5 Control systems design and
calibration

Today motor vehicles are equipped with a set ofexidbed control systems
with an increasing number of software implementedtdres. The design of
such systems is a challenging problem becausesdtitictions complexity to be
implemented, for the constraints which are duehtotight interaction between
mechanical and electrical components and for saéstyons.

Current software development is aided by simulatiools which allow
block diagrams generation providing the customergh wa graphical
environment that supports the design and the stioalactivities and can be
run on PCs.

However, much more is required for the completesttpment of embedded
control systems. The current lack of automatedstqekee [19] and [20]),
methods and models make the whole process tedions;consuming and
potentially affected by errors and omissions beeausst steps are handmade,
especially in the earlier stages.

The main goal of this chapter is to present someaddfor automating the
whole embedded control system design process. rasudt, many of the above
ideas have been implemented in the F.I.R.E. toatlwbupports the embedded
control systems modelling, design and simulatiora dtigh abstraction level,
allowing control engineers and software develogersocus on the control
system aspects of the problem instead of the ptatfones.

Another relevant aspect when dealing with modeterival combustion
engine control systems is the availability of nesbust and multi-objective
engine calibration methods and tools, which potdigtiallow substantial new
flexibility and performance with respect to thediteonal calibration practice. In
this work, a novel general purpose model-basedredion methodology will
also be described which merges statistical concdiis the robust design
theory of experiments, numerical optimization tdgbhes and Engine Control
Unit (ECU) algorithm modelling. This approach exfdcsoftware tools in order
to support the calibration of estimation algorithmsed in the ECU. The
proposed tools are:

- non-linear multivariate regression;

- discrete regression;

- multi-map optimization;

- graphical user interface for calibration, validatand change;

- calibration performance meters.

An application of these tools to the “basic enginalibration process of an
actual real thermal engine is presented. With ¢he t'basic-engine” calibration

! The specific hardware and the operating systemwhith the control
system should be executed.
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we mean the calibration activity dealing with th€UE algorithms involved in
the engine operations which do not depend on acpkat vehicle application
like charge estimation, injector model, spark adearcomputation, torque
estimation, catalyst protection and so on.

The use of this methodology has been integratethéncontrol algorithm
design process thus speeding up, simplifying arutaring the whole process.
This tool suite for control algorithms design aradilaration is one of the most
important results of my research [18].

The application of this approach, compared withkibst techniques used in
industry, has produced really interesting results:

- reduction of experimental test bench design effimore than 50% of
reduction);

- more accurate estimation (almost doubled);

- more robust behaviour, with respect to enginertgine variability and
environmental conditions.

These tools have been developed by using MathWoMATLAB ®
/Simulink® software, which is a de-facto standard in the afdbd system
industry.

5.1. F.I.R.E. TOOL CONTEXT USE

The development of embedded control systems idlysuaomplex process,
because of the of the system size and the shasedroes amount ([21],[22] and
[22]). The modelling of these systems has to ireltlie knowledge of the top
level structure, the distribution of the functiotiab amongst the system
resources, the links and the data transmission gstdhe components and the
system response to asynchronous or synchronoussg2dn

Such different information cannot be expressed bwirgle graphical
notation. As an example, a single graphical viewm chow some abstract
functional aspects, and another one shows the alastftware organization or
the physical structure. An actual design methodplisgbased on the idea that
every control system can be observed by using thliiferent views: the
functional theimplementatiorand there-usabilityviews.

5.1.1. Functional View
Following a model-based approach for embedded msydisign, during the
functional design phase, where the customer rempeinégs are analyzed, the
control engineer plans a logical-functional viewig{ife 5.1) of the control
system, in which the functions of the differenttpasf the project, e.g. signal
acquisition, error value computation or commandnaig actuation, are
highlighted ([21] and [22]). Such a view focusesthe data flow, that is the
process of identifying, modelling and reporting halata flows around the
system. In this graphical notation, each activitydata-driven, i.e. every block
undertakes its elaborations as soon as input datavailable on its input ports,

without waiting for any timing, priority or CPU aiability .

71



Control

parameter e
computation _:_|Open Loop
Reference | = T |Actuator_1
generatlon
i |open Looplil | T J i
\ ] | contrel_k [T 1 -
Al —|System
H Tal‘get g 1_. Closed Loop
i [Definition_1] | T| contral_t [T}
User i s Ar.-tuator_nl i
Interface] 7 Al R
P Target 1] : \
i |Definition r[ = ;
: i : Command signal
i Sensar 1) T
i st i actuation
Signal «~ |

acquisition
Sensor m| :

Figure 5.1Functional view

5.1.2. Implementation View

The next step in system planning is the ANSI-C cod@ementation of the
functional models onto the specific target to bstafied into the vehicle
Electronic Control Unit, which is usually accompkéxzl by means of some
automated production code generator ([26] and [27])

A functional view is not suitable for dealing witfle implementation aspects
deriving by the use of a real-time operating systanthe ECU, such as task
timing and scheduling, or asynchronous events lragng[28] and [29]). Such
aspects can be better analyzed inimplementationview (Figure 5.2) of the
same model where the control flows also highlighted. In this view, the
customer considers the effect of introducing piibsc timing requirements in
the execution of each Simulifiblock. This is accomplished by introducing an
additional scheduler block which simulates the teathaviour of the control
system when implemented on a RTOS (Real-Time Opegrabystem) for
embedded systems.

2 The timing control of the activities that haverzeprocessed by the control
unit.
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Figure 5.2lmplementation view

5.1.3. Re-usability View

After generating the code, it can be helpful, fking care of possible future
changes, to characterize the subsystems by thalivaee dependence in a so-
calledre-usabilityview (Figure 5.3), in order to identify the HLSWifh-Level
SoftWare) and the LLSW (Low-Level SoftWare) partioé generated code.

This view improves the re-usability of a controgalithm, because it
provides a physical representation of the contystesm in which the process
resources physical location is illustrated.

| System [

Actuator n

Open Loap|
Control_h

User
Interface

Cpen Loop)
Contral_1

Target |
Actuator_2 Dsfinition_1ff . :

Target [I £ lclosed Loop |
Definition_n| : Contrel_g |

+—Sensor rn| H
ISensur;;‘ : H

3

Closed Loop] : : i
Contral_1
b Light HW Strong HW
No HW Dependence  DPependence

Dependence

Figure 5.3Re-usability view

5.2. F..LR.E. TOOL OBJECTIVES AND MAIN FUNCTIONALITIES

The development of an embedded system involvesctwperation of
different planning activities. In particular, thetéraction between the design
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and algorithm implementation phases requires gi{@ginformation sharing
between control and software engineering groupsth®mther hand, the control
and software engineers have different points ofwyiglesign approaches,
terminology and development tools.

Up to now, the system designer is the person ingehaf choosing the most
suitable view to model a control system, and adinsformations of the
Simulink® models, realized in collaboration with the softevangineer, are
manually accomplished. Such an activity is slow affbcted by possible
unavoidable errors and omissions.

F.I.LR.E® has been created to automate these transformatiosaring data
consistency in each view of the same system. [El.R.a software tool which
allows the designer to develop, to analyze andinwlate embedded control
systems at a high abstraction level. It helps &ize more correct and efficient
implementations of the functional graphical modélsupports the early steps
of theV-cycledesign methodology [22], assures more flexibiibd re-usability
of the Simulin€ models and improves the development cost and time.
Morevoer, F.I.R.E. assures that the implementatiew is realized according to
the Auto-Code Generators (ACG) requirements [26].

The Simulink library has been extended to support the desigthef
F.I.R.E. models thus providing a user-friendly dregl interface. From these
models, the control engineer can carry out an dasgstigation of the timing
problems potentially affecting the control systesnch as delays in the data
flow, jitters, potential data-loss in buffers, apdority task handling ([29] and
[30]). A simulation with different sampling timesidhe same system is also
possible. In this way the results of such an amslyan be used by the software
engineers to produce more correct ECU codes.

It is important to notice that the transformatioani a functional view to a
re-usability one consists in a graphical blocksneegement, which is useful
during the reverse engineering phase, when focusingsome particular
hardware dependencies of the control system iswtefést. Moreover, transit
from a functional view to an implementation one eoff a logical tasks
reorganization based on their timing requiremefs. the other hand, the
implementation view makes it possible to analyzdfedint multi-rate
simulations by acting on the scheduler block.

5.3. F.LR.E. BLOCKSET

In order to have a user friendly tool, a customibémtk library is supplied
and integrated with the other Simulink® built-ibrdaries. The F.I.R.E. block set
containing all the components required to creat® Rd.R.E. models (Figure
5.4). The customer can also introduce new templaftegsynchronous event
generators and update a MAT-file containing thedhare dependencies of the
subsystems inside the functional view.

® Functional Implementation Re-usability Environment
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Figure 5.4Building a new F.I.R.E. model

In order to carry out the transformations, the userst introduce some
information into the model about the task timingshardware dependencies. In
order to introduce these properties in a standaddeasy way, F.I.R.E. supplies
aMaskSubsystem_templdtick (Figure 5.5), in which the customer cantbet
required information, like the sampling time or thedeclaration of an
asynchronous events, and the hardware dependency.

75



, M Block Parameters: MaskSubsystem_template 3]

A M askSubsystem_template [mask] [link)
v Thiz iz a termplate of the Mazked Subsysterns that will compase one of the
‘ three wiews [functional, implermentation, re-uzability] for using FIRE toal.

Parameters
Sampling Time [task allocation) - [zec)

m

[ Amnchronous

In1 Ot

MazSubsystem_template |

1 Hw dependence |No Hw dependence ﬂ

R ‘“ il | Cancel | Help | |

Figure 5.5MaskSubsystem_template block

5.3.1. Implementation Aspects

The operation provided by the F.I.R.E. tool is aoplished via a text low-
level parsing procedure acting on the Simulinkdirelated to the functional
view. The parsing is undertaken by means of someTM¥B® scripts which
analyze and re-write these files on the basisefigsired transformation chosen
by the user.

Each F.I.LR.E. transformation is composed by twéedént sections: a low-
level one where the parameters characterizing tve view to build up are
extracted from the functional view masked subsysteand a high-level one, in
which the new file is completed with the aid of MBAB® Simulink Model
Constructioncommands, using the information extracted durlmg lbw-level
phase. The customer has to set task priorities| igehe scheduler block in the
implementation view to solve task activation caztli by means of a Graphical
User Interface.

5.4. EXAMPLES OF F.I.R.E. APPLICATIONS

This software has been tested and validated ondi¥ferent real control
system design problems; a simplified Drive-by-WiBBW) [31] and Variable
Valve Timing (VVT) [1] units and a real engine mgeaent system [32].
Specifically, the F.I.R.E. tool has been used talye the timing problems of
the control system and to find a correct taskscation

The goal of the first case study is to get a cdletlostep response in terms
of settling time and overshoot, both for first asetond order models, which
respectively represent their simplified behavioursthe functional view, the
control engineer designs the control algorithm hwing the controller
parameters, like a proportional or an integral gaut he/she cannot estimate
easily the impact of a scheduling choice on therallecontrol system
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behaviour. With the help of the F.I.R.E. tool, tiasks allocation can be more
easily analyzed. The control engineer decides ithéng of the tasks in the

functional view, quickly transforms this view inghimplementation one and
then analyzes the results of different tasks aflonaand scheduling choices on
the control system responses. Next Figure 5.6 igigtd how different task

allocations of the same control system can chahgecontrol performance. In
particular, see how changing the VVT control taskvation from a constant

100 ms sampling time (too slow) to an asynchronbD€ synchronized (Top

Dead Centef)policy reduces both the settling time and the sieot, and the

same happens for the DBW control module.
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Figure 5.6Different time slicing on a control system.

From this example is also easy to understand thardage offered by this
tool in autocode generation, because the implertientariew provided by
F.I.LR.E. is ready to be transformed in a Targetlbidck diagram.

In the second case study, the F.I.R.E. tool wad tsestudying the timing
behaviour of the overall engine control system leefn autocode generation.

In order to carry out such an analysis, four sofensimulation tests were
undertaken in a loop virtual environment, whichegrates an engine/vehicle
Simulink® model with an Engine Management System model &fopming

* At an engine speed of 2000 rpm TDC event occurh &8 ms.
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both MIL (Model In the Loop) and HIL (Hardware lih@g Loop) simulation
studies. In particular, the following tests haverearried out:

e Air Conditioner Test

e Misfire Test

e Tip In/Tip Out Test

« Efficient Catalyst Test

The relevance of the F.I.R.E. tool in allowing ndtte simulations to be

easily performed before generating the code antbyming HIL simulations,
can be judged by comparing the simulation resuttbiexed by the Air
Conditioner Test, when the same EMS model is desdrieither by the
functional (Figure 5.7) or by the implementationg{ifes 8 and 9) views.

Engine Speed [rpm]

a
(5 =)
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Q Q Q
T T
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Ignition Angle [deg]
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o <
T
=
1
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\_

Injection Time [sec]

Air Conditioner Flag [-]

Time [sec]

Figure 5.7Air Conditioner Test with ECU’s functional view

In fact, although the idle speed control in Figaréseems to perform well,
the system is not stable and in fact there ardlatsons in the engine speed
(Figure 5.8) because the erroneous task allocatitiosen results in a huge
number of scheduling constraints and task execuigmificant delays.
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Figure 5.8Air Conditioner Test with ECU’s implementation view

However, repeating the simulation with a new altmratasks (Figure 5.9),
in which the idle speed control task allocatiortisnged from 100 ms to TBC
the control responses become indistinguishable ftoen prescribed nominal
ones reported in Figure 5.7. The repeated simulatimve been made possible,
before the final production code generation, bycekag anothefFunctional to
Implementationtransformation by means of the F.I.R.E. tool. Himulation
results obtained with the ECU’s re-usability view dot differ significantly
from the ones achieved with the ECU’s functionak,obecause that view
consists only in a graphical reorganization of bhecks, without any semantic

change in the overall model.

® At an engine speed of 800 rpm TDC event occur s each about 40 ms.
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Figure 5.9Air Conditioner Test with ECU’s implementation viewth a new
task allocation

5.5. BASIC ENGINE CALIBRATION OBJECTIVES

Once the algorithm has been implemented and tedted, possible to
perform an accurate model calibration by using aded calibration tools
integrated in the F.I.R.E. environment. The paransetalibration of the basic-
engine control algorithms consists of the iderdificn of the parameter values
which, codified in maps and vectors, best desctiiteeengine behaviour in a
defined working range.

e The calibration process of a single algorithm (ps®) can be
divided in:

» Bench experimental test design and execution

» Data analysis and algorithm calibration

» Bench test verification

These phases are usually repeated until the tprgeision is reached. Data
analysis consists in the transformation of the @rpental results in maps and
vectors which will be used to describe the behavafuthe engine in the ECU
software.

The entire process can be speeded up by usingtis@titechniques which
reduce the number of experiments to undertake amdnmize the informative
contents of each test. Using the proposed advaralégtation techniques, again
implemented in the MATLAB environment, it is possible to automatically
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transform test information in calibration maps dihg usable by the ECU. The
higher precision achievable, especially when dgalivith multidimensional

actuation (throttle body, cam phaser for intake emhaust camshaft, fuel
injectors...), correspondingly reflects on betterteoinperformance (lower fuel
consumption, larger maximum power and so on) andaomore robust
characterization of the phenomena for the wholeérenfamily, not only for the

“tested engine”. This is also important for redggcithe influence of noise
factors on the engine performance and the genarafidiagnostic false alarms.
Moreover, the availability of automatic calibratiotools speeds up the
development process of new engine control algost(idl).

5.6. GENERAL PURPOSE CALIBRATION TOOLS

In a model-based software development processsithalation models of
the processes are often available. A complete at@le of general purpose
calibration tools has been developed in the MATA8imulink® environment.
These tools are described below.

5.6.1. Continuous multivariable non-linear regression misde

In order to describe a relationship of the type(z¥), it is possible to use a
regression model which relates the experimentahtpchaving x, y and z
coordinates. The model is imposed by the ECU algms and/or by the physics
underlying the process.

In Figure 5.10, the coloured surface represents/tiemetric efficiency of
the engine, at a defined speed, which dependsebmn#nifold pressure and cam
phaser position. This surface minimizes the meangmage square error from
the experimental points represented by blue circles

The regression model is quadratic in the cam pheseable and linear in
the manifold pressure until the breaking pressuseially at a value of 950
mbar, is reached whereas it has a quadratic refdtip over that pressure value.
This switching regressor describes the natural retpege effect ([2]and [34]),
which is particularly evident at 2700-3300 rpm Imstreal engine application.
The traditional linear regressors produce an eupito 8% in the air charge
estimation at full load, worsening other actuatidike spark advance and
mixture title.
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Coefficiente di correlazione =0.99958
| residui massimo e medio valgono 0.020147 e 0.0035793
| residui percentuali massimao e medio valgono 5.4339% e 1.258%
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Figure 5.10Multivariable switching regression model example

5.6.2. Discrete regression model

To describe the relationship of the type z=f(xjg)possible to use a map
which represents the z value for every point onisardte x-y grid, defined by
two breakpoint vectors. The output value of the rimaghe points that do not
belong to this grid, is calculated using a bilineserpolation method, like in the
Engine Control Unit.

The Discrete Regressioool has been developed to meet this need. It
computes the values of the map that minimize tharmszjuare error between
the experimental data and the surface, describékeakilinear interpolation of
the map. In Figure 5.10, an example is reportecd &kperimental points are
plotted as red dots, while the map is represemdnsparent blue.
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Figure 5.11Discrete Regression tool example

On the left side of the Figure 5.11, there is deslithat increases the surface
stiffness. It works like a spring which stretchd® tsurface edges. A high
stiffness generates a plain surface, increasingrtéan square error. The map
continuity is one of the requirements in the catlin phase. The
discontinuities can be caused by a large measuteensr in some points. A
discontinuous map can generate different outputeglfor very similar input
values. This is dangerous in the use of the maepalse an error in the input
variable or its estimation can generate a big tiariaon its output, causing
instability in the control loop. The stiffness calso be used to impose a rule for
the extrapolation of the map in not experimentehd y coordinates.

The discrete regression allows one to be free @ dbquisition dataset
choice, because it is not any longer necessarygfample, to acquire data
exactly in the breakpoint intersection points.dedn’t need to split the problem
into sub problems as with the traditional calitrattools.

The advantages are essentially the same of thénaons regression model
with the addition of the following ones:

e The model implemented in the ECU is often the outfua map.
By acquiring data not only in breakpoint interses, it is possible
to obtain a map which minimizes also the modelremot only the
measurement one. This aspect is fully explainedviel

 The possibility to interactively stiff the map prames more
physically realistic input/output relationships shavoiding the
overfitting problem.
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5.6.3. Discrete regression algorithm

The aim of the discrete regression algorithm isninimize the sum of the
squares of the distances amongst the map and pregirental points. In order
to achieve this goal, an analogy with a mecharpte@nomenon can be done:
every experimental point is fixed in the space wiiile map can slide along z-
axis like shown in Figure 5.12. Every experime@int, which is red coloured
in the figure, is linked by a spring, in blue, whastiffness is the same for each
point. A damper is also present. The damping vahag be critical. The map
segments, surfaces in a three dimensional spawe, &anass and react to the
spring and damper forces according to the secondrdic principle. The forces
move the map toward the points. The equilibriuml Wwé reached in the map

along a configuration that minimizes the energytlod spring system. The
expression of this energy is:

—_\N 2
E=) K*Az (1)
Where: K is the stiffness of the spring

Az is the z-axis distance between tHekperimental point and the map
N is the number of experimental points

Such a formula represents the sum of the squamrsefretween the
experimental points and the map.

F'y
4

stiffness

.

elast ¢ force é

BkpX
Figure 5.12DiscreteRegression explanation

The mechanical system dynamic has been discresizé MATLAB® coded
with a discrete difference equation. Some programgntéchnicalities have been
used to avoid possible instabilities and to enhaheesimulation speed. As a
result, over 200.000 points can be handled in a f@nutes.. Moreover, the
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outgoing maps are smoother, more coherent witliéseription of the physical
phenomenon and can be interactively judged and fraddby the calibration

engineer.

5.6.4. Multi Map Optimization

A MATLAB ® / Simulink’ model of the algorithm has been implemented.
This model, fed by experimental acquisitions, petuan output that depends
on the calibration requirements. The multi-map mptation changes the
calibration results in several aspects. It charthesvalues of the vectors and
scalars, elements of the maps, until the minimunanmsquare error or mean
percentage square error between measured outpestinthted ones is reached.

The implemented optimization method is based onteepest descent
algorithm (see [40], [41] and [42]). The algorithim a local optimization
procedure, but some tricks are used to reducertiteapility of getting stuck in
a local minimum. The multi-map optimization is exrely fast and can
optimize, on a 1.6 GHz Intel Centrino processor, daample, three 12x21
maps, in almost ten minutes.

During the elaboration, the optimized maps are shosee Figure 5.14,
together with predicted vs observed graphs and sstatestics, e.g. the mean
square error.

optimizing calibration

— 1

multi map
optimization

calibration ECU el
model
matlab model output

experimental of ECU
acquisitions algorithm \ '

measured output

Figure 5.13Viulti map optimization working scheme
The accuracy of the result is up to 4 times bettem the traditional

techniques. The maps are also smoother becaussptimgization algorithm is
instructed to pick, amongst many solutions withghme error, the smoothest.
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Figure 5.14Multimap optimization example

In the past, once a first calibration result wakieed over a map, if the
breakpoints changed for some reasons no automatics wo reuse the old
calibration were available and only a time-consigmmanual retuning, usually
undertaken by using Excel sheets, was possibleh®rontrary, the proposed
multi-map optimization approach frees one from timstation.

Other advantages include:

e Many maps can be simultaneously optimized. The tisoiu
minimizes the total error, not the error of a singlap so the results
are usually better.

e The accuracy and the continuity of the maps artebétan those
resulting from traditional methods.

Tunable algorithms

The described optimization techniques can be usathlynto calibrate
automotive estimation algorithms. These algorittames as a first step, validated
through specific sensor measurement by means tbh&sh instrumentation,
usually not present in commercial automotive engjine

The algorithms have to be memory-less, like e.g. titrque estimation
algorithm. It is difficult to use the above mentimhoptimization techniques for
dynamic algorithms, like gas temperature estimatifor these dynamic
algorithms, only the stationary part is calibratesing multi map optimization,
while the dynamic part has to be calibrated infiedint way.

It is furthermore impossible to calibrate algorighmhich require the control
of a non simulated variable, e.g. the mixture tfte the calibration of wall
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wetting compensation strategy, where the wall wgtts the fuel quantity lying

into manifold walls next to the injector that witlontribute to combustion

process in runtime. In this case, the verificatiools presented below can
anyway help the calibration process.

Performance measurement

The optimized maps are usually evaluated by comgutiie mean square
error, denoted hereafter witls, of the predicted values related to the
experimental ones: the lower the error, the better representation of the
experimental points given by the maps. Thestatistic, multiplied by 3, is a
good estimation of the experimental data variatiange around the surface
described by the map. To be more precise, the empetal data fall in the
described range with a probability of 99.97% in tiypothesis of normal error
distribution.

For similar applications, the percentage mean squamor is more
interesting. It is obtained by dividing the squareor with the experimental one
and by multiplying it by 100. In this way the s&dit is more correlated with the
final performance; e.g. in the air charge estinmtibe percentage mean square
error is correlated with the error on the mixtute tactuation.

The error of an estimation algorithm can be dividetivo parts: model error
and measurement error. The model error is causebebytilization of a model
which is not enough complex to describe the exathppleenomenon. It can be
reduced by using a different model equation, ingirepthe number or changing
the breakpoints of a map.

The measurement error is due to the limited precisif the data acquisition
and elaboration instruments. An experimental datasured with a value which
is far from the regression model, generally denasdan outlier, has to be
found, eliminated and, if possible, measured ag&ngenhance the model
precision. As a result, the optimized maps are thesre robust against
measurement errors than the ones manually optimizéére the values are
exactly the ones measured at each specific breatkddiis statement, based on
the Chebyshev inequality [40], justifies the impeoent in the calibration
quality achieved by using multivariable regressioondels, which are more
robust against measurement errors than those lmasedsingle variable. By
forcing the continuity on the dependant variablesnmore dimensions, the
resulting model depends on more experimental poiatiucing the probability
of interpreting a measurement error as a phenomenon

5.7. CALIBRATION PERFORMANCE VERIFICATION TOOL

For each calibration problem, a specific tool haerb developed which
graphically and numerically shows the effects afatibration variation on the
engine control algorithm accuracy. This tool isfuké rapidly verify that the
calibration agrees with the imposed criteria andriake a final fine tuning,
following the calibration engineer experience. Tiresult of an automatic
calibration process has to be verified by an exfoertwo reasons:
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The calibration tool, if there are missing dataraxolates the behaviour of
nearest points. An expert calibrator can do thisk thetter, using his/her
knowledge of the phenomenon.

The calibration tool optimizes with respect to aiafle that is usually the
most important, but in some operating conditionsmay not be the only
variable of interest. The calibration engineer aanrect the optimization
process in such cases; with a user-friendly graphicterface this task is
speeded up and the use of bench tests diminished.

In Figure 5.15, it is shown the main screen ofgpark advance and torque
estimation tool, used for the calibration of a reagine. The main graph shows
the so called “umbrella” curves, which show the meaque depending on the
spark advance at a predefined engine speeds anghasar positions.
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Figure 5.15Torque interface verification tool

Standard files

To make easy the information exchange, some stdnfilar formats and
contents have been defined.
Engine bench data

The engine bench data file is generated at thehowst. It is an Excel sheet
that contains, in the first row, the names of thquired variables while in the
second row there are the measurement units, aad) the third row, the
acquired data values. Every row represents an tipgratationary point,
characterized by the measure of input-output vadiees a stabilizing time. The
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measure lasts for a predetermined amount of tintleth& acquisition process
can be automated.

Usually the data are acquired in a first phasec&ibration purposes and in
a second phase for calibration verification.
Calibration

The calibration file has to contain information abothe ECU parameters
related to the calibrating algorithm.

5.8. DEVELOPED TOOLS: APPLICATION TO A REAL ENGINE
CALIBRATION

The following tools have been developed in the MAB®7 / Simulink
environment. They are currently used by the cdiibnaengineers for real
engine applications.

5.8.1. Air charge estimation

Before the introduction of the above describedgpotiie experimental plan
took 15 days (24 hours per day). This time effatl to be multiplied by the
number of significant changes in the hardware dutime calibration phase,
which are usually up to four. The data analysisiireg almost 5 days for each
plan. The resulting maps present a significant remalh discontinuities and the
estimation error is not satisfactory.

The calibration tools were introduced in the depeaient process at the start
of one real calibration phase. The experimentat filae has been halved, now
taking 8 days, 24 hours a day. The data analysisines now a few hours. The
estimation error is almost halved and it is noviyfshtisfactory.

Automatic calibration - The criteria exploited by the calibration engineers
have been implemented in this tool. The synergiesvéen the calibration
department and the engine test department protheceointinuous enhancement
of the automatic calibration tools.

The inputs are:

= A calibration file, to gather information about thienensions and the

breakpoints to be used in the maps calibration.

= One or more engine bench test files containingieessary channels.

For each engine speed breakpoint, a multivarialliécking regression
model is calculated (Figure 5.16) to best descifiteemanifold pressure - cam
phaser position - volumetric efficiency relatioipshThe used model has been
developed by taking in account the ECU reproduitybdf the relationship and
the physical behaviour of the phenomenon. The vetum efficiency depends
squarely by the cam phaser position, linearly bynifoéd pressure. Over the
breaking pressure, which is a regression paraméhter,linear dependency
becomes quadratic without first order derivativecdntinuity, while, under 300
mbar the slope can change to best fit the data.
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The regression model has been then made discrétearsformed, without
information loss, in the ECU algorithm model, mdne4 maps, for a total of
1092 parameters

Calibration verification- This software allows one to graphically and
numerically visualize the relationship between expental points and
corresponding ECU estimated points. The workingtigm can be explored
with the following points of view:

» Iso intake manifold pressure efficiency curves

* Iso cam phaser position efficiency curves

» 3D surface of volumetric efficiency depending orgsure and cam
phaser

* Iso volumetric efficiency curves depending on imtakanifold
pressure and cam phaser

» Percentage error of the total air charge estimation

It is possible to modify the maps, graphically amrerically, interactively
for verifying the effect in one of the possible wi

A left mouse click on an experimental point showlsliional information,
while a right mouse click opens a contextual metickv permits to eliminate
the point or open the source data file, highligitine corresponding row.

By opening multiple instances of the tool, it isspitle to compare different
calibrations or different bench test data, speedipgthe verification and
refinement of the calibration.
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Figure 5.16Charge estimation calibration verification toollenefficiency
curves depending on cam phaser position, at defirtake manifold
pressures
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Figure 5.17Air charge estimation calibration verification todlotal
performance, statistics.

Performance measurementThis tool measures the total performance, in
estimation accuracy sense, of the pair [Calibratidingine bench test data]. It
is possible to compare calibrations from differemtirces, to rapidly find critical
points, and to evaluate different versions of thgodthm. This function is
integrated also in the air charge calibration veaifon tool.

5.8.2. Gasoline injector model
Automatic calibration- This tool automatically calibrates the gasolingctor
model. It uses the same engine bench test datafoisetlarge estimation. The
discrete regression tool easily calculates the mwhgh minimizes the error
between the injected gasoline estimation, donehbyBCU, and the measured
one.

5.8.3. Spark advance calculation and torque estimation
Automatic calibration The torque supplied by the engine is estimagidgu
mainly the engine speed, air inlet efficiency, cphaser position and spark
advance ([13] and [14]). In an engine without thenghaser, the algorithm uses
only two maps and one vector:
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e MTA(speed, eta), called the maximum torque advamap: it
describes, for each engine speed - air inlet efficy point, the
spark advance that maximizes the torque. If therdgion occurs
before reaching the real maximum, an extrapolagddevis used to
best fit the data. In Figure 5.15, the x-coordirzténe red triangles
represents the maximum torque.

* MT(speed, eta), called the maximum torque mapegcdbes the
indicated torque measured at the maximum torquaramty In it is
represented by the y-coordinate of the red triangle

e UC(advance - MTA(speed, eta)), called the uniqueveu it
describes how the distance between the spark aelvand the
maximum torque spark advance reduces the torqueutput is 1 if
the input is 0. The output decreases while the tirgifference
increases. It is very similar to a parabolic cuased it has the
property to fit well the experimental data in tlggiation

* TORQUE = MTégpeed etg) * UC(advance— MTA(speed eta))
(2)
Where:
e speeds the engine speed
e etais the air inlet efficiency
e advances the actuated spark advance

The hyper surface that describes the torque dgliiasis to be continuous,
because it describes a physical phenomenon. Thei-mmb optimization
automatically finds the values of the maps whicktlii¢ the experimental data.
The result is very continuous. The error on thejuderestimation, 0.61 Nm, is
almost a quarter of the error obtained with tradidl calibration methods, that
calculated the maximum torque spark advance byyaimgl only the points at
the same engine speed and air inlet efficiencys teaulting extremely sensitive
to experimental errors.

By using different implementations of the multi-maptimization and
discrete regression, 10 maps can be calibratedhgtakto account the cam
phaser position dependencies, for a total of 2284rpeters.

Calibration verification- This tool assists the calibration engineer in the
verification of the correctness of the calibratafrthe spark advance calculation
and torque estimation. The inputs are:

» A calibration file, in Excel format, generated lnetcalibration tool

» The engine bench test data

The main graph shows the trend of the “umbrellat/es, CMI(advance), at
a fixed engine speed and cam phaser position. fedjuiata are represented by
blue circles, while calibration estimated corregting points are the black dots.
The red triangle represents the maximum torquetgomeach load breakpoint,
while the big black plus symbol is the working dpadvance. Clicking over an
experimental point, additional information are shovike fuel consumption,
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temperatures and so on. Clicking over an ECU catedl point, instead, the
relative formula adopted will be shown, with inpoéps values.

Tool per la verifica della calibrazione
dell'anticipo e della coppia su centraline Marelli

— Sekzonesvista ——

oo 7]

W, [7]

Anticipo, [7]

Figure 5.18Torque verification tool, cam phaser position dejsty

On the left panel it is possible to choose the mmgipeed, the cam phaser
position and the load. The cam phaser can be $aaifith theobj string, to
select only the points at objective cam phasertiposicharacterizing the steady
state operating points. On the bottom left sidésipossible to interactively
modify the maps, numerically or graphically andctntrol the effect in the
main graph.

In Figure 5.18, the CMI (advance, cam phaser mogitgraph is shown,
which is of use to verify the phenomena from anog@nt of view.

Other three views are available, to verify that warking advance actuation
is correct for every cam phaser position. The medifcalibration can be
exported in Excel format, ready to be copied in E€tifiware.

5.9. CONCLUSION

In this chapter an analysis and simulation powettdl for embedded
control system design has been presented. A discussgarding the related
automotive industry demands and the relevance fiWvace support tools for
control system design has been provided. From thessiderations, F.I.R.E.
has been built up to provide multiple views of angink® model, because
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control system developers have to consider diftesspects, not all visible with
a single graphical notation. It mainly allows apreal reorganization and an
early timing analysis of the control system, acomydto the Auto-Code
Generator requirements, with the objective of awteally generating the
production code for the ECU directly from these wled

This software has been tested and validated onagglications and the
relevance of this tool has been illustrated by stigaiting different closed-loop
system behaviours which result from bad schedutingices and by the tool
assistance in finding the most correct time slicifog each task. Future
developments include:

* automatic discretization of continuous-time blocka the
Functional to Implementation transformation;

e joint comparison of simulation results between fioral and
implementation views;

» inverse transformations and overall consistencgkfiamongst the
views;

» explicit specification of the execution order obsasks within each
task in the Functional to Implementation transfaiora

Another important feature which can be added am plssibility to
undertake more detailed investigations and commasisbetween different
dynamic scheduling policiés(e.g. priority-based preemptive scheduling and
Earliest Deadline First (EDF) scheduling) and apdeeanalysis about the
synchronization amongst tasks that use shared fdattheir computation. It
could be also interesting to investigate the délag to common data access and
the transmission rate into the network by integ@tthe F.I.R.E. tool with
handmade scripts or other blocks representing rdifteschedulers, networks
and monitors for synchronization, as in the Trued pratform.

On the other hand, the integration of this envirentmwith accurate
calibration instruments guarantees the Engine Mamagt System product
quality, that is more and more influencing the saatd it has to be accurately
managed since the first phases of developmentrdardo take under control
many strictly, even conflicting, requirements thevelopment environment has
to allow a strong integration between every simlase. This satisfaction has a
big impact on the characteristics of the tools ¢éoused and on the necessary
skills of people involved in development. An imgont goal achieved is that of
being able to merge the skills coming from différengineering departments
(i.e. engine application, engine control systemettlgwment) and experiences
from different projects to guarantee in a predilgtabay the required product
requirements in future projects.

® Simulink® simulation engine uses a fixed-priority Rate Mamit (RM)
scheduling to simulate multitasking models.
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Chapter 6 Control system SW verification

The verification and validation process of an enudset system has been
always a crucial aspect in the overall developnogote. This consideration is
particularly true for engine control systems forigbththe complexity is more
and more increasing and, on the other hand, the tinmarket is on the contrary
more and more decreasing.

The use of tools able to accelerate the singldfiwation phases is really
opportune and its integration within the overalVelepment process has to be
strongly encouraged. The development process foginén Management
Systems consists of several phases each one ohvidicelated to engine
development one. During these phases an incremeapptoach for SW
development is used. So a particular focus ha tgilen to the non regression
of next SW version with respect to previous onés: absence of undesirable
impact of new requirements on the rest of SW hdsetwerified. In this chapter
the non regression test activity and the corresipgndols have been detailed

This chapter describes a process for SW verifioatind validation. The
described process is based on a very simple idexy eSW change has to
correspond to a new incremental requirement. Flumidea a very simple, but
on the other hand, very powerful and effective thak been proposed. The
application of this tool is able to reduce the auttive development lifecycle
and to maintain high quality products. The use bis tmethodology is
sometimes obstructed by the necessity of a higrerexpce and knowledge
level, but the use of this process has shown alb#mefits presented above and
represents a beginning point to automate the psoo&sSW verification and
validation
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6.1. SW TEST ACTIVITIES

The product quality is more and more influencing tlosts and so it must be
accurately managed since the first phases of dpr@at. In order to take under
control the big amount of “variables” coming fromry high system complexity
and many different requirements and constraintbgomet, the development
process has to provide a strong integration betveemy single phase. This
requirement has a big impact on the characterisfitsols to be used and on the
necessary skills of people involved in developmefttually a discontinuity in
the development process can cause a lack of timeaaloss of control of
product quality. This implies a necessity of a eysitic cooperation between
developers in different phases and a systematibagge of information. This
sharing activity is possible only if the developmemvironment is able to
manage all the product development phases. Andthportant issue is the
systematic use of “lesson learned” in order to jotestrors that have been only
corrected in the past. This issue imposes the itiefinand use of a database of
problems, tricks and all information regarding deshs faced in the previous
projects.

Many paper have been described the necessity oftoetes for SW testing
and more in general for ECU development ([21], [252] and [43])

In this chapter the testing phase of engine managesystem development
is described and a new tool for a particular suéisgh here calledNon
Regression Tess presented.

The Testing phase can be divided in tree main steps

* module testing
e integration testing
« functional testing

6.1.1. Module testing

The module testing (also called unit testing) late=l to a single SW module
(function) and has the objective to verify the eatness of SW implementation.
It is in particular useful when auto-code generatiools are used, with which
the code is automatically generated by an algorithadelling (i.e. a Simulink
model can be used with Target Link auto code géograln this case a
comparison between the algorithm model simulatesults and signals coming
from the EMS can be easily and quickly performele Tesults of this kind of
testing is, for example, implementation errors ldkeerflow, underflow, round
off or non alignment between algorithms models BME code.

6.1.2. Integration testing
The integration testing has the target to verifyt tthe singly tested module
is correctly integrated in the overall SW architeet This kind of test has the
objective to verify that the new algorithms or nfaditions to the existing ones
do not affect undesirably the behavior of other oles. A part of this activity is
the verification that the SW is not regressed cawgbawith the previous

97



version. This kind of test is callddon Regression Teahd will be described in
details in the next section.

6.1.3. Functional testing
The functional testing (also called validation pass the final testing
activity that has the target to validate the aldponis with the respect to
functional requirements and it has to be carried pnormally after the
calibration phase. For this kind of testing acyivipecific tools have been
developed (see Chapter 5).

6.2. NON REGRESSION TEST ACTIVITY

The Non Regression testing, on which this chameb¢used, is a part of
integration testing and it consists of followingss:

1. benchmark SW definition;

2. selection of test maneuvers from Data Base anditlefi of the engine
parameters to be monitored,;

3. execution of selected maneuvers on benchmark SW;

4. execution of selected maneuvers on SW under vatifdiga;

5. post processing of the executed tests in ordetantify the differences
between the behavior of the SW under verificatiompared with the
benchmark one;

6. analysis of differences between benchmark SW aedotie under
verification, differences can be

7. desired, if caused by new requirements added siréihease of SW, or

8. not desired, if not related to new requirementshis case a regression
of SW can be possible.

9. SW delivery

In the following the listed phases will be detailed

6.2.1. Benchmark SW definition
The definition of benchmark SW is really importéetcause it represents the
baseline which the new SW release has to be cochpaith. The previous
version of SW is normally used as benchmark. Irs tbase the possible
differences must be related to new requiremenecesf

6.2.2. Selection of test maneuvers

The second phase is the selection of test manetreensData Base and the
definition of engine parameters to be monitored.data base has been
developed in which the maneuvers, belonging tofalewing categories, have
been included:

« all the ones that have highlighted problems oniptevprojects;

» all the ones that come from the field experience;

» standard and legislative ones;

* maneuvers that affect specific functions (i.e. d@gis ones).

Some examples of maneuvers contained in databese ar

e driving cycle derived by ECE-EUDC cycle;
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e cold temperature cranking;
» take off with big undershoot;
* maximum engine speed overtaking.
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6.2.3. Execution of selected maneuvers on benchmark SW
The third phase consists of the execution of thecsed maneuvers with the
benchmark SW. As said before, it is required that$W under verification has
the identical behavior of benchmark one. Everyadédfce has to be accurately
traced with the respect to new requirements.

6.2.4. Execution of selected maneuvers on SW under \aiific
In the fourth phase the same maneuvers have tegreduced on the SW
under verification. These tests have to be ledgutie same input used in the
previous phase and starting from the same initiatdtions.

6.2.5. Post processing
The fifth phase consists of the post processingesiilts of third and forth
phases in order to identify automatically the diéfeces between benchmark
SW and the one under verification. This phase jperted by a tool developed
in Matlab environment, which will be detailed iretfollowing.

6.2.6. Analysis of differences

The sixth phase is the analysis of the differeridestified in the previous
one. Each difference has to be analyzed in ordentterstand if it is due by a
regression of the SW under verification with thepect to the benchmark, or it
is related to a new requirement implemented innd@ release of SW. In order
to understand the correctness of identified diffees, some further tests can be
necessary. These last ones have to be specified fqus the specific
requirements, while the test cases until now redliare not related to specific
requirements.

6.2.7. SW delivery

The last phase consists of the conformity declamatf the SW under
verification or in the definition of non confornes.
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6.3. USE OF SPECIFIC TOOLS TO SUPPORT EACH PHASE

The process described can be adopted if and osbnile necessary tools are
available. In the section below, a brief overviefstee HIL simulator will be
given and the post processing tool will be desctibe

6.3.1. HIL Simulator

The process of verification and validation of anbedded system needs an
accurate and repetitive engine and network testctbhe®ne of the used
processes for the verification and validation of embedded system is the
Hardware in the loop simulation.

The hardware used for the HIL testing consists fpaif a computer with
the GUI software, alO board dedicated to each signals “to” and “from” the
ECU, and arProcessor boardvhere the physical model is loaded.

The sensors, which are necessary to be sent t&Ghkto provide the engine
simulation, are generated via an automotive deglic@bard which is able to
reproduce:

* Water and air temperature sensors via resistomatsin

* Manifold, ambient pressure sensors and pedal poteater via
analogue output

* Crankshaft, camshaft and knock sensor via DSPqouautomotive)

» CAN network via transceiver

« Additional digital signals (e.g., brake switch, tcl...)

The commands of the actuators from the ECU areexied to real load or
simulated ones such as resistors, capacities, indudoads. The simulator reads
the commands and send it to the model in a physighle such as time of
injection and Ignition angle point. For each apgticns the set up process must
be performed. This process consists of two diffenearts which are the
hardware configuration and the model -calibrationor Fthe hardware
configuration process, the electrical schema, #resar and actuators electrical
interface and the can network settings are negesthe input channels for the
ECU are output channels for the simulator sucheagperature sensor, wheel
speed sensor and knock generation. The output efsgafor the ECU are input
for the simulator such as Injectors and ignitioflscolhe automotive custom
board of the simulator provides all the neededalgfor the car simulation and
can network. In the setup process the model musprbgided by all the
necessary TA block for the fault injection and kn regression test.

Why use hardware-in-the-loop simulation?

In many cases, the most effective way to developrahedded system is to
connect the embedded system to the real plant.

In the most part of the cases, HIL simulation igenefficient.

The metric of development and test efficiency ipigglly a formula that
includes the following factors:

1. Cost

2. Duration

3. Safety
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Cost of the approach will be a measure of the abatl tools and effort. The
duration of development and test affects the timearket for a planned
product. The safety factor and duration are typjcaduated to a cost measure.

The tight development schedules associated witht mes/ automotive
programs do not allow embedded system testing td fea a prototype
availability.

In fact, most new development schedules assumeéithagimulation will be
used in parallel with the development of the pldmtere are different levels of
simulator related to the different level of the jpad.

Simulation is an important method in the design aalidation process of
complex hardware/software systems like electrornatrol units (ECU) for
automotive applications. Modelling of such systasa trade-off between high
speed, high accuracy and low effort. It is easgrémte a model covering two of
these three attributes but it is nearly imposstbléuild high speed and high
accuracy models spending only low effort.

6.3.2. Post processing tool

In order to highlight the differences between the tSW (the benchmark
one and the one under verification), a specifid¢ kas been developed, to speed
up and improve the verification and validation s The tool allows, through
a Graphical User Interface, to choose for everynobh the acceptable range of
the error and the type, between absolute or relgfie. 10Nm or 10 percent).
We have moreover to outline the possibility to aegsignals logged from
different sources; that gives the flexibility toeudifferent SW platforms.

101



Mo Bt g, | BB W iy

otk&S s RAIOEE DA §3

s s o s

Figure 6.2Tool interface

The result of the post-processing is a screentlikeone shown in Figure
6.2, in which different colors highlight the pointghere the values of the
variable under examinations, coming from two adtjoiss of the same
maneuvers (one for each SW), differ for more ttrenpreset error.

In particular the tool takes into account alsoeh®r “quality”, pointing out
with a marker color, the errors that are insidedtimitted threshold in the next
and previous sampling step and so negligible.

After the analysis phase there is the recordinth@falready done compares.
This serves as a history database for future SWysinaThis database of test
results is easily accessible to interested people.

6.4. CONCLUSIONS

Scheduled with beginning goals, the new processitpadut benefits as
follows:
e reduction SW validation time (as validation cost);
e maneuvers repeatability;
» possibility to effect test highlighting on fixed Sthction;
e easy SW bug detection thanks to the process cipabihighlight any
SW non conformities.
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Implementing new process of verification and vaiiola pointed out also
limit into it, to keep in mind during post procasgianalysis, but at the same
time to consider as future development points.driipular we can resume these
points as follows:

» oftenitis necessary to have a further “vehiek theck”;

» the supplier has to be able to make the samegesiraparison;

* it must be considered that the “noise factor” iafluaed any signal.

Finally a considerations comes out about the nacgssstrumentation to be
used. HIL described in 6.3.1, induces to a questiow is it convenient the use
of a such powerful tool for reproducing time hisésrfor EMS? This question
was the idea that drove to the development of navdiare In the Loop system
that will be discussed into the next chapter.
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Chapter 7 Low cost systems for Hardware In

the Loop simulation

In-vehicle driving tests for evaluating performanand diagnostic
functionalities of the engine control system aretenf time-consuming,
expensive and not reproducible. Using Hardwarexittoop (HIL) simulation
approach, new control strategies and diagnostictimms on controller area
network (CAN) line can be easily tested in realgjnn order to reduce the
effort and the cost of the testing phase. Todaykspgnition engines are
controlled by an electronic control unit with a dar number of embedded
sensors and actuators. In order to meet the rdamand of lower emissions
and fuel consumption, an increasing number of cbfiinctions are added.

The use of Hardware In the Loop simulation is aciaufactor in this
scenario. On the other hand the availability anst @ such kind of system
imposes a thrifty use and it drove the developnuérd lower cost HIL. This
chapter aims at presenting a portable electroniramment system, suited for
HIL simulations, in order to test the non-regresssoftware and the diagnostic
functionality on CAN line. The performances of h@posed electronic device,
named Micro Hardware-In-the-Loop system are finghgsented through the
testing of the engine management system software Bfat gasoline engine
with variable valve timing, both for the productiand the development version.

7.1. EXTENSIVE TESTING BY MEANS OF HARDWARE IN THE
LOOP SIMULATION

The Hardware-In-the-Loop (HIL) simulation methodgyo is currently
recognized as a useful and effective approachsitintg the automotive control
strategies and diagnostic functionalities. Nowad#ys requirements of an
Engine Control Unit (ECU) are hard to meet dueh more and more stringent
emission normative and ambitious performance imseof fuel consumption
and power request. On the other hand, the high ettiveness among car
makers is stressed because of a continuous reducfidime to market and
development costs. Therefore, the need of highHiezit methodologies arises,
aimed at extensive testing of hardware and softwaraponents of the ECU
[44], [45]. For this purpose, HIL simulation appeobais widely adopted thanks
to its compatibility to replace significant port®nf test procedures for different
control systems. It incorporates hardware companannumerical simulation
environment, yielding results with better crediyilithan pure numerical
simulations. HIL experiments run in real time adgoamake test procedures,
which are difficult or even impossible with the Iresystems, possible. The
procedure based on the HIL approach has been watlatired and successfully
applied in different engineering fields. In [46]cafd7] an efficient real-time
HIL testing approach for control design in poweeattonics applications has
been proposed. In particular, in [46] the autha@gehdeveloped a digital power
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controller for aerospace applications, validatecbiugh hardware-in-the-loop
testing using Virtual Test Bed Real-Time (VTB-RTWhereas in [47] the
environment system, realized with HIL configuratidvas been applied in two
power electronic application examples, a boost edevy and an H-bridge
inverter. Moreover, modelling and simulation thrbuglL approach has been
adopted for improving wind energy system controdtsigies. In [48], how a
newly established real-time HIL test facility cae htilized for wind energy
research, is exploited. The test site uses two rdgnaeters, a variable voltage
and frequency converter to emulate a realistic dyaanvironment, both from
a mechanical and electrical point of view. About thind energy research, in
[49] and [50], an experimental failure diagnosisteyn based on FPGA-in-the-
loop hardware prototyping has been discussed fifyireg the performances of
the fault tolerant wind energy conversion system.

In this chapter, attention is addressed to theengime control system to test
the new control strategies and the diagnostic fanst Engine control tasks,
that were classically solved mechanically, are hamwmg replaced by electronic
control systems, and the design and implementaifotontrol and diagnostic
algorithms is a crucial element in the developnérgutomotive engine-control
systems [5], [51]. Furthermore, the engine systeohitss components must be
constantly monitored in order to comply the exharsissions limit specified
by international regulations in all driving situats. So, in the last years, the car
makers have intensified their actions on innovafturectionalities and diagnosis
to respect and monitor the emissions related tactinmponents and the whole
system. In particular, the development and calibnadf ECU functions require
a more accurate tuning within the imposed condsadf costs and time to
market. Among the simulation methods, HIL testirgpresents the most
common procedure, where a computer with a real Simeilation model of the
engine or vehicle system is connected to a real BHCbrder to test the final
embedded software [52], [53] and [54].

The advantages of adopting the HIL system are atided have been
described above, where the main characteristice baen highlighted. On the
other side, the main drawback is the necessityigpode of accurate engine
models for real time simulations [55], [56] and [5@ order to be able to
describe the dynamics of system components and itlieractions. Moreover,
the hardware which is necessary to run appropsgatellations is complex to
setup and extremely expensive, requiring specifiokhow of the people
involved in testing.

In this scenario the proposed device, named Micio (MHIL), has been
developed to perform those experiments where theeercial HIL simulator is
unproductive in terms of time to setup the expenits@nd costs of the devices.
Therefore, the main advantages of the MHIL aresthwplicity of its use and the
portability [58].

The chapter is organized as follows. Firstly, arergiew of the HIL
background and the motivation for developing a rsystem are detailed. The
proposed electronic system is then described itioge8. Experimental results
about the diagnostic functionalities and softwamdidation are discussed,
respectively, in sections 7.4 and 7.5, and finalbnclusions end the chapter.
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7.2. BACKGROUND AND MOTIVATION

A typical Hardware-In-the-Loop system is reportadFigure 7.1. Here the
engine is modelled using Mat-lab/Simulink software it is simulated through
a dedicated real-time hardware simulator. This iiex all electrical signals to
fully exercise a real Electronic Control Unit (EGWpnnected to the simulator,
where the control strategies are running.

The use of dSpace devices for HIL applicationsoismonly adopted (see,
among others, [59] and [60]). In Figure 7.1 is shothe dSpace full-size
simulator. The simulator is equipped with a realeiprocessor board and 1/0O
unit. The processor is a DS1006 Board, equippedh &t AMD Opteron
Processor at 2.2 GHz. This board computes the nmataponents for engine
dynamics simulation. To handle the simulator in@urd outputs, a DS2211 HIL
I/O Board is used. This is the standard board 8PACE HIL applications
providing the entire I/O signals for the simulatiof a typical 8-cylinders
engine, i.e. crankshaft angle synchronous sigr@/\N communication, and
analogue, digital and PWM I/O, including the neeegssignals conditioning.
Moreover, a rack where, at the bottom, there ism@mote-controlled power
supply unit simulates the battery and allows toyuae voltage during the real-
time simulation (under voltage and overvoltage stesbltage drops during
engine start, etc.).

"
Figure 7.1Typical Hardware-In-the-Loop system from dSPACE.

HIL approach is used by design and test engineeevaluate and validate
components during the development of new contretesys [61]. Rather than
utilizing them in test bench experiments, the Hiistem allows the testing of
new components and prototypes while communicatiitf) woftware models
that are simulating the rest of the system. Itltesuo a significant reduction of
the costs and time to setup the experiments amdri¢éases the flexibility and
efficiency of the testing phase.

In literature, several HIL applications can be fduto prove the
effectiveness of the methodology [62], [63]. As example, in [64] an HIL

106



system has been developed to test commercial Aktiiraking System (ABS)
and Electronic Stability Program (ESP) ECU. Using tleveloped HIL system,
the performance of a commercial brake ECU were uawatl for a virtual

vehicle under various driving conditions. The sgstdas been built in a
laboratory providing convenient and reliable meémstesting multiple ABS

and ESP modules.

The benefits to use HIL system are evident bothtifoe saving and as a
consequence in cost saving, and for the performthatat is possible to reach.
But, on the other side, the drawbacks are the ligsts of the hardware
simulator and the elevated skill and know-how nsagsto configure and run
the complex simulations, including the needs topatse of accurate
mathematical models, sufficiently accurate for thimd of experiments.
Therefore, since the majority of the experiments simple tests regarding the
validation of ECU software, i.e. Non Regression t$esind diagnosis
functionalities, it makes the HIL system unsuitedthis kind of experiments.

Non Regression Test is aimed at ensuring that afi@mddcontrol software
still meets the specifications and it is detailad6i2. Conversely, a selective
approach is based on the choice of a subset ofestepool that can provide
sufficient confidence of the system [65], [66]:esttcase will be selected if and
only if it executes at least one of the modifiechdtions that influences the
behaviour of the program [67], [68]. Moreover, 69] it is present an overview
of the major issues involved in software regress&siing, an analysis of the
state of the research and the state of the praicticegression testing in both
academia and industry, and a discussion of the rogen challenges for
regression testing software.

Regarding the automotive embedded system, a crasfact for the engine
development is to avoid regression of new ECU saftwersions compared
with previous ones, i.e. the absence of undesinapact of new requirements
on the part of software unchanged. This considmrais particularly true for
engine control systems, where the complexity igeiasing and the time to
market is decreasing.

Similarly, regarding the diagnosis, the automotindustry has to provide
on-board health monitoring capabilities to meet ideged diagnostic
requirements for engine management systems. Agfuhkre is an exhaustive
literature about the diagnosis problem, that islyeneal from different point of
view [70], [71] and [72].

In particular the real-time diagnostic functionakt of engine management
system are devoted to monitor the performance @fetbctronic throttle body,
variable valve timing, injectors and ignition caitsystems and to detect and
identify a suite of anomalies.

So the need to dispose of a device able to autoatigtperform this kind of
tests. Again, this device should be easy to usdasido setup. Consequently, it
must not be based on mathematical models but rtkaron measurements so
to generate the correct signals to provide to tR#JENn order to verify the
embedded algorithm.

Finally, the solution proposed in this chapter eanmeplace an expensive
and complex HIL simulator, as those described aptwg it is a low cost
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alternative for common and simpler applications, ragressive test and
diagnostic functionalities tests.

7.3. MICRO HARDWARE IN THE LOOP SYSTEM

The models for HIL simulation have an importanterethen there is the
need to close the control loop. In the new testiegice, here presented, the key
aspect is that the experiments to perform are dpep test and consequently
don't require models. MHIL has been thought asstéesy able to generate input
signals to an ECU and analyze the outputs. Staftomg data collected at test
bench or, alternatively, at HIL during selected oeuwres, these can be
regenerated by the KBOX (a purposely designed Sgyenerator) to stimulate
the ECU under test. Then, the signals generatd€B®YX are elaborated by the
ECU control algorithms producing the commands Far ¢ngine actuators, i.e.
valves, injectors, and so on. Finally, these condeamare acquired and
compared with a benchmark in order to verify therect functioning of the
control algorithms performed by the ECU. If anyisdon occurs, it can be
attributed to a different firmware version of thkearonic control unit or to
unpredicted side effects due to some modificatmfnthe control algorithms. A
prototype of MHIL is reported in Figure 7.2. It fermed by two different
hardware components; the core of the system, KB@&yoted to signals
generation; a console containing the actuatore(eat loads, see Figure 7.3) to
be connected to the ECU. The console is equippedabyower supply, to
connect the MHIL to the electric commercial netwalsuited console with led
and interrupters to simulate different vehicle waas key-on/key-off, clutch
inserted/not inserted; a throttle valve; injectdnbda probes and electro-
hydraulic valves. Moreover, the MHIL console is gped with a fan coil to
reduce the heat increase in the console, a RS232nperface and an Ethernet
port to link the MHIL to the host computer.
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Figure 7.2The MHIL hardware components: a console contaitiiegactuators
(external loads), the ECU under test and the ssggeherator (KBOX).
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Figure 7.3External loads
The KBOX characteristics have been designed to rtfakeesting of engine

control system flexible and suitable for future edepment (i.e additional
sensors/actuators or extended functions). In adi@etimulate all kind of ECU
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inputs, as pressure and temperature sensors, bedhksd camshaft sensors,
both inductive and Hall effects [8], the KBOX igfioed by:
» 16 analogue outputs with a range between 0 andviax (L0 mA); 16
digital outputs (max 100 mA);
» 8 outputs frequency, as camshaft/crankshaft sigmalsfigurable as
VRS type (i.e. waveform square + / - 12 volt witkr@ crossing) or
Hall effect type (0 / 12 Volt);
» 2 outputs for knock signal (for variable settingfr@iquency and width)
2 outputs for lambda probe UEGO;
« 2CANBus2.0
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Figure 7.4MHIL user interface

The user interface has been developed in Matlab@maent. In Figure 7.4
is shown the main panel. Here, the first step ishoose the manoeuvre to run
and upload the relative time history, i.e. the edtion of signals to generate, to
the KBOX. Then it is possible to con figure the lagae and digital channels to
match the KBOX outputs with the ECU inputs, and tlum experiments. Finally
the data can be collected and analyzed by meatiseoflon Regression Test
(NRT) module.

7.4. DIAGNOSTIC FUNCTIONALITIES TESTING

The rise of electronics in the automobile and thmeréased complexity of
modern fuel injection and emission system placé kigmand on the diagnostic
problem, though the monitoring of the vehicle dgrall operations. Commonly
diagnostic functions are included in the ECU asié¢dad component in the
electronic engine management system. In fact, dutie normal functioning, it
is operated a diagnosis of sensors and actuatameected to ECU. The
diagnosis can be electrical and logical. Regartlieglast, the ECU checks only
the correctness of the incoming signals, instead{He electrical diagnosis, the
ECU controls also the electrical load scheduleitsaxtremities for that device.
Therefore, in order to prevent that the ECU goealamm and, hence, stops the
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experiment, the MHIL has to provide both the carrsignals and loads to
overcome the diagnosis. To this aim, external lpadsnected directly to the
ECU, are foreseen for those sensors and actuater®rming electrical
diagnosis.

For the other sensors, the signals are simulateitidoyBOX. In particular,
crankshaft and camshaft position sensor signalc@ed o -line. The crank
and camshaft sensor waveforms are fixed (exceptdize effects) as a function
of crankshaft angle. These two waveforms are cdeatel stored before the real
time simulation. A separate program, with a graghicser interface, has been
designed to create these two signals. This progidamallows the user to create
crank and camshaft signals with a variety of faulising different frequency
channel for differential and Hall effect sensor efavms. Possible faults which
can be created by the program include missing peakise crank or camshaft
sensor, changes in width or height of chosen parthe signal (usually the
peaks) and the addition of sensor noise. It is ptssible to inject these faults
while the real time simulation is running. Any ewoor faults detected are
stored in the ECU memory, and stored fault inforaratan be read via a serial
interface.

Moreover, the communication with other ECUs preserthe vehicle (as an
example the Electronic Stability Program-ESP-ECB)performed, over the
Controller Area Network (CAN) bus. The benefitlimt CAN protocol contains
control mechanism to detect malfunctions, resulthmg transmission errors are
even detectable by CAN module. Since the majorfit¢ AN messages are sent
at regular intervals by the individual ECU, thelde@ of a CAN controller is
detectable by testing at regular intervals.

CAN is one of the communication standard definethbip European and
American OBD standard. In 2008 the CAN protocol w# the only permitted
interface for OBD Il diagnostics in the USA.

The CAN bus allows multiple devices to be linkedyether. A typical
vehicle architecture is illustrated in Figure 7The communication protocol
shows several advantages for car makers. Firsthy Gses a two-wire solution
(CAN Hi and CAN Lo); this enables higher data rdtan the solution with a
single wire, such as K-Line, that is a common $edamunication standard. In
fact EOBD specifies a maximum CAN data rate of B00, bits per second
compared with the K-Line data rate of 10,400 bitdswl. Secondly, CAN has
extensive error checking built into the format afck packet composing the
message.
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Figure 7.5Typical vehicle architecture

Conventional tests nowadays performed can evaluli®e network
management, gateway functionality and CAN physieeél, but unfortunately
there are many restrictions: the tests can onlpdréormed manually and are
not reproducible; there isn't an automatic testoremeneration; and test
coverage is incomplete, so that, the CAN commuiunatannot be checked
thoroughly.

Now, considering that new vehicles generally useNQA provide EOBD
diagnosis, a key issue of the proposed MHIL isdhpability to communicate
with ECU under test through the CAN bus. In thisywtae device can fulfil the
following requirements necessary to test the diagnfunctionalities:

» read all pertinent ECU power drivers and signapats; logging of all
CAN messages;

» interface to diagnostic serial line;

» test for both development and production ECU

In Figure 7.6 it is reported an experiment in orttevalidate the diagnostic
functionalities provided by MHIL. In particular, ifigure 7.6 is shown the
monitoring panel of the Dlanalyzer, a diagnostitvware tool of Fiat Group,
where are present two errors due to lambda proloe edectro-valve of the
canister disconnected. This kind of experiment ézeassary both to check
hardware functionalities and to evidence eventuaysb during the code
generation process on a different hardware.
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Figure 7.6Diagnostic analysis

7.5. EXPERIMENTAL SOFTWARE VALIDATION

In engine control system development, the finsdasé software is the result
of a sequence of releases, each one introducingegurements. As described
in previous chapter the testing phase of the fretdase can be divided into
three main steps.

e Module Testing:

» Integration testing, that includes the verificattbat the software is not
regressed compared with the previous version (NRT).

* Functional testing.

Due to the very easiness use and to the optimiggdnmance-cost ratio, the
mHIL is really suitable for Non Regression Test@xen.

In order to verify experimentally the performancé MHIL as testing
system, two kinds of non-regression tests have beeducted to evaluate the
differences of control software for development EQWe first compares two
different releases software, related to a fournddr Spark Injection engine
equipped with Variable Valve Timing (VVT) systemhd second is performed
for the same release software on two development BGth different
processor, having different hardware charactesisfidis checks the possibility
to change the ECU processor and to verify thatigiials are maintained equal.

To this aim the first step is to collect data dgrem selected manoeuvre in
order to obtain time history for MHIL device. Indtire 7.7 is reported the
engine speed during the cycle. Here is also showonaparison of the RPM
signals during the two acquisitions necessary targjuee that the ECU is
always excited by the same input data set. Thekstait position sensor
generates 60 peaks per revolution, meaning a tésolaf 6 degrees/peak. For
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indexing purposes, two of these peaks are empsyltneg in 58 peaks and 2
null outputs for revolution. The camshaft positisensor voltage output has 4
peaks corresponding to the 4 cylinders. Both sgyaat first created offline as a
function of crankshaft angle and after downloadedBOX system.

Camrpanson botenoen AP gaas
T 1 I I

R
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Figure 7.7Engine Speed channel: comparison between TH aadjirirvehicle
and TH generated by the MHIL

Once the data are collected and the manoeuvre d@as lpploaded on the
KBOX, it is possible to run the experiment stimirgtthe ECU under test and
monitoring its outputs. Finally, a specific softwatool has been purposely
designed to perform NRT on the set of data preljoabktained: the measured
signals are firstly synchronized and then compaiegbly superimposing them.
The tool allows to choose, for each signal, theeptable range of the error and
the error type (i.e. for the torque can be 5 Nmbagpercent while for spark
advance is 1 of absolute error). The result ofpthst-processing is a picture, in
which different colours highlight if the variablesder examination differ more
than the selected error thresholds. In particdla,tool takes into account also
the error quality, pointing out with different cois the errors that are inside the
admitted threshold. For each plot the NRT tool ulies in red the differences
between the two compared channels while the majgbamts are in green. The
plot is yellow if the channels are out of alignment

The results of the two experiments are reportechfiigure 7.8 to Figure
7.11. In Figure 7.8 and Figure 7.9 are illustrathe results of the first
experiment, i.e. a comparison of engine torque \aldmetric efficiency, for
two different release software but implemented ba same ECU. In this
experiment, both signals, inner variables calcdlaby the ECU, are very
similar, Therefore it is possible to affirm thagression doesn't occur.
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Figure 7.8First experiment. Engine torque: comparison betwista acquired
from the same ECU but with two different releasetoa software
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Figure 7.9First experiment. Volumetric efficiency: comparidogtween data
acquired from the same ECU with two different saiftavrelease.

Conversely, in Figure 7.10 and Figure 7.11 shoveiggin the engine torque
and volumetric efficiency during the second experin(same release software,
implemented on two different ECUs, having differéatrdware characteristic),
it checks some differences between signals. It s¢laat some regression are
present and, as a consequence, the test failsilDetadata are omitted for
confidential reasons.
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Figure 7.11Second experiment. Volumetric effciency: comparibetween data
acquired from the same ECU with two different saitevreleases.

Finally, in this chapter it is evident that the foemances obtained both with
MHIL and tradition HIL system [73] about the NRToeedure on several
releases software are similar. The real advanthtfgemew device are the cost,
the portability and the easy setup. The cost ofMiéL, equipped with load
platform and independent power supply is a tenttheftraditional system, the
MHIL is portable so to guarantee the test execstion the desk in different
laboratories and the easy setup allows the cotdsiing phase by not skilled
poeple.
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Chapter 8 Experimental application of
presented tools and methods to Variable
Valve Actuation (VVA) engine

In this chapter that concludes my thesis, some plesnof experimental
application of tools developed as results of mgaesh work will be described.
In particular the tools have been applied to anirenghat represents a new
technology frontier for gasoline engine: the MultiAEngine that has been
awarded as the 2010 engine of the year.

This kind of engine has been described in chapt&h@ only thing which is
worth remarking from a control point of view, isethpresence of a new
additional actuator that opens to very challengipgortunities for the control
community.

The first section gives an overview on the appiaatof the modeling
approach described in chapter 3 to MultiAir engineorder to evaluate the
capability of the VVA actuator to improve the idipeed control performance
(for a more exhaustive description see [74]). Altyuahe traditional spark
ignition engines have two control variables in deato change the engine
torque and, consequently, regulate the engine spedite required value: the
throttle position and spark advance. The engingu®idynamics corresponding
to these two variables are strongly different: al®@0ms for the throttle valve
(via the air manifold filling/empting dynamics) arabout 20ms for the spark
advance. The presence of the Variable Valve Aatnatystem allows the
regulation of the inlet air charge by means ofeatiéght positions of the inlet
valves (see 2.2). The torque changes, due to amatharge change, in a way
that is much faster than traditional engines. Unidisrnew situation, the control
algorithms have to be reviewed in order for thenoptimally exploit this new
degree of freedom and improving the performance.

The second section is related to the applicatioratibration tools described
in chapter 5 to MultiAir engine [76].

The third section describes some new control dlgms for VVA engines
developed by means of the tools described in ch&pte particular, in the third
section the following algorithms are described:

* a new spark advance calculation algorithm, thattfie specific needs

of the MultiAir engine [77];
» an algorithm for gear shift suggestion [78];
» an algorithm for inlet air charge estimation [79].

8.1. A SIMULATION ANALYSIS FOR VVA AND IDLE CONTROL
STRATEGIES FOR A GASOLINE ENGINE

In this section the engine model used to analyedrteraction between the
idle control and the VVA system is derived by thethodology detailed in
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Chapter 4. The use of the model for the VVA engiees been accurately
detailed in [5] (for further details on possibleeusf model see [17]). In this
section the focus has been given to the use ofntloidel in order to achieve
possible performance improvements of the idle speatrol for VVA engines.

8.1.1. Mid-Ranging Idle Control

In the control field, there are numerous practieabmples of control
algorithms where, in order to meet the control otiyes, two inputs must be
manipulated to control a single output [81]. In ®ocases, this may be achieved
by manipulating one input at the time. Such stiaegre often referred to as
split ranging. In other situations, it may be dasie or even necessary to
simultaneously manipulate the inputs. For examplensider the situation
shown in Figure 8.1, where the speaeds controlled by a combination of two
controllers in parallel. In particular, a slow castloop driven by R1 forces the
control input u2 to a steady-state desired valuds Ts called Mid-Ranging
technique.
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Figure 8.1Mid-ranging control scheme. A slow control loopwm by R1
forces the control input u2 to a steady-state ddsimlue

Today, the Mid-Ranging technique is largely usedidte speed control of
spark ignition engines, usually controlled by comerad Electronic Control
Unit (ECU) based on "Torque Based” architecture][8dling is one of the
most often used functionalities in modern carssT$iespecially the case in city
traffic, where there are frequent stop and go 8dna. Therefore, improvements
of the control performance for the idle speed adntinit have always been a
high priority. That is, keep the engine speed aleaired setpoint value and
ensure good disturbance rejection while maintaitomgfuel consumption.

Typical disturbances that are to be rejected byctiwroller are loads from
the air-conditioning system or powersteering. Obsly, the ECU compensates
such disturbances on engine torque by using thwtiiavalve. However, due to
the slow dynamics of the air mass in the intakeifokh this would generate an
unacceptably slow disturbance rejection. For tkeisson the spark advance is
used as a second control signal, by advancing tardiag the ignition and
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obtaining an instantaneous torque variation from tngine. However, a
deviation from the optimal spark ignition will rdsin higher fuel consumption.

Thus, the use of this signal should be kept at mum and used only for
improving the speed of the disturbance rejectiannfa control point of view,
this is a difficult problem since the system in spien is nonlinear,
multivariable (two inputs) and time varying. Morewoy the throttle control
channel has a slower dynamics than the spark advewent. In the literature,
this problem is usually approached by treating the control channels
separately (one control signal is set to constamtewthe other is modified),
leading to performance degradation. Some otheroagpes consider linearized
models resulting in local designs. There exist apphes where both control
signals are treated in the same time (multivariatdatrol), however the
resulting controllers are highly complex and difficto tune.

This section proposes the usage of a simple teaanagiginally used in
process control, called Mid-Ranging ’'series’, talgme the idle speed control
problem. The particular of this scheme is thattthiettle is governed directly by
the error between the desired and actual sparknadyavhile the spark advance
is governed by the engine speed error, as repartEdyure 8.2. Moreover, the
technique is particularly suitable for processeengtone of the inputs has faster
dynamics than the other; this is precisely truetlieridle speed control problem
in traditional Sl engines. In the Figure 8.2, thark advance control loop is the
faster control loop. It takes as reference value dbsired engine speed. The
second loop contains the slower dynamics, wheraithpath controller adjusts
the throttle angle such that in stationarity tharkmdvance will converge to the
desired value. Traditionally the midranging schenmawe based on PID
controllers, which will be used here too. This idisacorrectly based on
experimental observation, the time delay betweersfiark advance application
and the engine torque response is relatively srathmetrical and predictable,
if compared with the engine torque response frora thtake manifold
filling/emptying gas dynamics. This control conceg¢picted in Figure 8.2, is
simple and robust for a standard spark ignitionirgas demonstrated in [82]
and in the commercial ECU available on the market.

Spark Advance
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Reference Advance
»

Spark Advance
Controller

Engine Speed

Figure 8.2The Mid Ranging Idle Speed Control scheme
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8.1.2. Mid-Ranging Algorithm With VVA System

Starting from the comparison with a Mid-Rangingrise’ scheme, a similar
control scheme for an engine model equipped witiV# system has been
realized. In the traditional engines, the air piatltonsidered the slow way to
regulate the engine torque, otherwise, in the modagine equipped with VVA
system the engine torque response, for any valesing change, is able to
exhibit a time delay comparable with the enginequer response to spark
advance variation. For this reason, the Mid Rangiogtrol scheme has been
changed from its traditional form with two inputariparallel’ scheme with only
an input, as shown in Figure 8.3. The advantagéhisf scheme is to avoid
severe interaction between the inner and outerralombops of the serial
scheme. In this way, both the control loops areeifrifrom the same rpm error
without control interactions, improving the advayga about the authority,
quickness and steady state performance.

Air Control

> Air Path 4

Conmoller
Engine
gli‘e?:ﬁf Final Spark

—@ = Spark Advance Advance .

\T Conmoller
Engine Speed

Figure 8.3The Modified Mid Ranging Idle Control Scheme

For the experiments the previously described withAvengine model has
been used along with the same standard spark agheanttair path controllers.
In this experiment, the parallel controllers tuntmas required similar difficulty
of the serial scheme, without any loss of perforoearThe experiments have
been accomplished by applying the control strategthe four stroke internal
combustion engine model. In Figure 8.4 a simulatiesult for engine speed
based on two Mid-Ranging control schemes is shoWe results depict the
quality and robustness of the idle speed contmobéth techniques.
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Figure 8.4Engine speed: comparison between the Mid-Rangiagalfel’
scheme (red line) and Mid-Ranging 'series’ schebhee(line)

The good quality of the idle control and enginedebur has been obtained
by using only a Proportional- Derivative controlfer the spark advance control
loop and a Proportional-Integral controller for #megine air path control loop.
In Figure 8.5 the spark advance behaviour of twud kof control schemes is
depicted, showing good robustness, slightly impdolrg the opportunity to use
more high spark advance during the engine work tharsystem usually allows.
This can be seen in Figure 8.6, where it is posdibinote that the throttle valve
is used only for taking care of cut-off occurrenged improves the fuel
consumption. Actually in the Mid-Ranging 'paralledlcheme proposed in this
section, the mean value of the spark advance rehithan in the Mid-Ranging
'series’ control scheme, guaranteeing fuel econoMgreover, it should be
noted that the general improvement partly dependhid better cylinder filling
efficiency of the un-throttled VVA engines.
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Figure 8.5Spark advance: comparison between the Mid-Rangiagllel
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Figure 8.6Throttle valve opening: comparison between the Rahging
'parallel’ scheme (red line) and Mid-Ranging 'sstischeme (blue
line)

8.1.3. Conclusions

A standard Mid Ranging scheme for idle speed cobntraspark ignition
engines has been investigated on a realistic fglinder engine model. A
similar control scheme, here named "parallel” Midnging scheme, specific for
engine equipped with VVA has been deducted an@dest similar conditions,
showing similar and slightly better properties émmis of performance quality
and tuning easiness. The ability of the paralledl Ranging control scheme for
idle speed control in internal combustion engimepire to think that even other
kinds of control variables, such as instantaneadfsi@ ratio, could be added in
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order to obtain a more robust idle controller, with increases the tuning
procedure. In such a way, the idle control for arkpgnited engine will be

more hopefully able to fulfill the future requirenie in terms of emission
reduction, fuel consumption, disturb rejection, adiver satisfaction. With

three charge/torque control variables (air, sparkaace, air/fuel ratio) or even
more (injection phase for direct fuel injection t&yss), the challenge will be in
the implementation of relatively simple, moduladaseparated control loops,
with simple and almost separated tuning procedures.

8.2. APPLICATION OF CALIBRATION TOOLS TO MULTIAIR
ENGINE

In this section an overview of the application @fls described in Chapter 5
to MultiAir engines is given. This tool assists tié-line calibration of thébase
control algorithms (i.e. charge and torque deteatitim, injector model, spark
advance calculation, exhaust temperature estimddionatalyst protection and
so on). The use of optimization tools, to speethepcalibration and verification
phases, has been proved effective and it is clyrahtame time a hot issue for
the research community and already an industriactime. The Automatic
Calibration Tool, conceived for the Engine Controhit (ECU) using
MathWorks Matlab software, consists of 33 automagdibration tools. The
application of this approach, compared with thet bespeting techniques, has
reduced the experimental test bench effort andctdioration time and has
improved the estimation precision up to 4 times.

The described tools have been used for the cabioraf the FIRE 1.41 105
hp, 135 hp TC, 170 hp TC engines with VVA technglog

8.2.1. Base engine calibration objectives

With the term “Base Engine” calibration we mean tadibration activity
dealing with the ECU algorithms involved in the smgoperations which do not
depend on a particular vehicle application, likearge estimation, injector
model, spark advance calculation, torque estimatiatalyst protection and so
on. In a model-based software development prod¢bsssimulation models of
the algorithms are often available. Once the aligorihas been implemented
and tested, it is possible to perform an accuratedeh calibration. The
parameters calibration of the base-engine contigbrishms consists in the
identification of the parameter values which, codedcalars, maps and vectors,
best describe the engine behavior in a defined wgnlange.

The calibration of a single algorithm process can divided in bench
experimental test design and execution, data asalgégorithm calibration,
bench test verification

These phases are usually repeated until the tprgeision is reached. Data
analysis consists in the transformation of the érpental results into maps and
vectors which will be used to describe the behawfothe engine in the ECU
software.
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The whole process can be speeded up using staftistichniques which
reduce the number of needed experiments and maxinfie informative
contents of each test.

Using the proposed advanced calibration technigumplemented in the
MATLAB® environment, it is possible to automaticalltransform test
information in calibration maps directly usable liye ECU. The higher
precision achievable, especially when dealing withitidimensional actuation
(throttle body, cam phaser for intake or exhauststzaft, fuel injectors and so
on), correspondingly reflects on better control fpenance (lower fuel
consumption, higher maximum power and so on) andaomore robust
characterization of the phenomena for the wholenenfamily, not only for the
tested engine. This is also important to reducertfieence of noise factors on
the engine performance and on the generation ajnditic false alarms.
Moreover, the availability of automatic calibratiotwols speeds up the
development process of new engine control algosthm

8.2.2. Automatic Calibration Tool (TCA) environment

The main ECU algorithms are coded in Matlab scriptsich simulate the
behaviour of the embedded software. The modeleatittign are:

» air charge estimation for each valve actuation mode

e injection model,

» exhaust backpressure estimation;

e exhaust temperature estimation;

» delivered torque estimation;

e spark advance calculation;

» engine friction and pumping losses estimation.

Almost sixty maps and vectors are necessary tdreddi these algorithms
for each application; it means thousands of sqaaameters. In order to satisfy
this target, 33 automatic calibration tools haverbéeveloped, integrated in
TCA environment. In Figure 8.7 the main TCA intedds shown.
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Figure 8.7TCA Tool, user interface

The inputs are:

» a calibration file, to gather information about thenensions and the

breakpoints to be used in the maps calibration;

e engine bench test data files, specific for air ghastimation;

e engine bench test data files, specific for torqagn@tion, containing

also the spark advance sweeps.

After the data loading, the user have to selecod: tall the necessary
information to correctly execute the tool are digeld, like which maps have to
be calibrated before running the tool and so orefll<hints are also displayed
that take into account the best practices to usetdol, suggested by the
application team.

If only one map has to be calibrated, the DiscR#gression Tool is used
(see Figure 8.8). The mentioned tool has been dpedlto calculate the values
of the map that minimize the average square eretwden the experimental
data and the surface, described as the bilinearpiakation of the map, using the
same algorithm embedded in the ECU. The experirhdata are plotted as red
dots, while the map is represented in transparemt [[73].
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Figure 8.8Relationship between Engine Speed, Air intake igfficy and
exhaust backpressure.

It's possible to interactively modify the surfad#feess, using the slider as
it's shown on the left in Fig.4, to produce moreysibal maps, avoiding to
overfit the data. A high stiffness generates anpkirface, increasing, by one
side, the average square error, and increasinghdyther side, the physical
behaviour. The discontinuities can be caused byasnre error in some points.
A non-continuous map can generate different out@lties for very similar
input values. This is dangerous because an eritheimput variable measure or
estimation can generate a big variation on the wutpap value, causing
instability in a control algorithm. The stiffnesarcbe also used to impose a rule
for the extrapolation of the map in not experimdrgeints.

When the algorithm’s output depends on more map&ctors that interacts
each other, it's better to use the Multi Map Opgation Tool ([73] and [77]).

The Multi Map Optimization tool modifies the caldiion, varying the
values of the maps, vectors and scalars that coenjgpsintil the minimum
average square error, or the average percentageeseguror, between measured
outputs and estimated ones, is reached.

This tool solves a multidimensional optimizationoplem, using as
optimization function the absolute error or thegeettage square error.
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Figure 8.9Automatic calibration of exhaust temperature mogatameters

8.2.3. Performance evaluation

Once the calibration has been accomplished it éulido check, with an
expert eye, the achieved performance on differatd ¢h order to analyze the
behaviour of the automatically calibrated map wilifferent engines. This
method is useful to consider also the dispersidwdsen different applications
and decide if the results are robust. In any dhsepractice can put in evidence
non desired hardware configurations between diftetesting engines, e.qg.
exhaust line or aspiration one.

The optimized maps are usually evaluated computiegaverage square
error, denoted hereafter with, of the predicted values related to the
experimental ones: the lower the error, the better representation of the
experimental points. The statistic, multiplied by 3, is a good estimatidrtioe
experimental error variation range. To be more ipeecdhe experimental data
fall in the described range with a probability &.97% in the hypothesis of
normal error distribution.

For similar applications, the percentage averagearsy error is more
interesting. It is obtained dividing the squareoetsy the experimental one and
multiplying it by 100. In this way the statistic isore correlated with the final
performance; e.g. in the air charge estimation, gbeeentage average square
error is correlated with the error on the mixtute tactuation.

Moreover, for each calibration problem, a spedifiol has been developed,
which graphically and numerically shows the resolts calibration variation
on the ECU estimation. This tool is useful to répiderify that the calibration
agrees with the imposed criteria, and to make the funing, following the
calibration engineer experience. The result of @omatic calibration has to be
verified by an expert for two reasons:

» the calibration tool, if there are missing dataya&polates the behaviour

of nearest points;
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» the calibration tool optimizes a performance tlatusually the most
important, but in some operating conditions it istiie only one of
interest.

In Figure 8.10, it is shown the air charge estioratirend in early closing
mode at fixed engine speed. Moreover it's possibleanalyze the charge
algorithm performance using the following pointsvagw:

» Fixed engine speed efficiency curves

« Air charge estimation percentage error

» Fixed engine speed exhaust temperature curves

» Exhaust temperature percentage error

» Fixed engine speed exhaust backpressure curves

» Exhaust backpressure percentage error
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Figure 8.10Air charge estimation trend in early closing mode

This tool solves a multidimensional optimizationolpiem, having as
optimizing function the absolute error or the patage square error.

The advantages are the same of the discrete ragrephis the following:

* many maps can be optimized simultaneously, theisalminimizes the

total error, not the single map one, so the rdsetler fits the data;

» the precision and the continuity of the maps aréebé¢han using other

methods.

In Figure 8.10 the circles represents experimedd#d, while the black dots
represents ECU VVA angle actuation using the ctircalibration. The triangles
represents the air charge consequently estimdtdtk talibration is not precise,
the distance between triangles and dots, and beteieges and dots, represent,
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respectively, the air error and the angle actuagomr. The symbol colour
identifies different engines.
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Figure 8.11Air charge estimation percentage error in eaibgiclg mode
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In Figure 8.11 a statistical analysis of the atireation precision is done,
using histograms and scatter plots.

In Figure 8.12 the main screen of the spark advaatmilation and torque
estimation tool is shown. The main graph showssthealled umbrella curves,
which represents the mean indicated torque depgratinspark advance, at a
predefined engine speed and at defined mixture.

Acquired data are represented by circles, whileibraion estimated
corresponding points are the black dots. The rdéghgle represents the
maximum torque point for each load breakpoint, ehihe big black plus
symbol is the working spark advance. Clicking oegr experimental point,
additional information will be shown, like fuel caumption, temperatures and
so on. Clicking over an ECU calculated point, iastethe relative formula
adopted will be shown, with input maps values.
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) verifica torque multiair
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Figure 8.12Torque estimation performance

It's possible to deeply analyse also the torquerdlyn performance using
the following points of view:
umbrella curves;
indicated Torque estimation percentage error;
fixed engine speed Effective Torque curves in fiomcof spark
advance;
effective Torque estimation percentage error;
fixed engine speed friction and pumping losses&sirv
friction and pumping losses percentage error.

8.2.4. Conclusion
The innovative FIAT Powertrain Technologies engirgsipped with VVA

technology have been calibrated using the methggaad the tools exposed in
the present work. The reduction of the bench téstteand of the calibration
time have been a key factor for the improvementhef calibration process
quality, increasing the time available for perforroa refinement and algorithms
improvement. The calibration know how has been esgftilly transferred from
the first engine application to the others, makimg approach to the calibration
a key factor in the engine development process
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8.3. NEW CONTROL ALGORITHMS

8.3.1. A new spark advance calculation algorithm, thas fthe

specific needs of MultiAir engine

It is well known that in spark ignition engine theark advance is one of the
actuation variables to be calculated in order tmdpce the desired torque. In a
Variable Valve Actuation engine the spark advanakeuation is much more
complicated because of all available freedom degree

In this section a new algorithm for spark advaraleuation for such a kind
of engines is described.

The torque supplied by the engine is estimatedgusiainly engine speed,
air inlet efficiency, valve lift profiles and spaddvance. In an engine without
the VVA, the algorithm uses only two maps and oeeter:

1.

MTA(speed, eta), called the maximum torque advanmap: it
describes, for each engine speed - air inlet efficy point, the
spark advance that maximizes the torque. If therdgion occurs
before reaching the real maximum, an extrapolatddevis used to
best fit data. In Figure 8.13 the red trianglesortdinate represent
the maximum torque.

2. MT(speed, eta), called the maximum torque miagescribes
the indicated torque measured at the maximum toagivance. In
Figure 8.13 it is the red triangles y-coordinate.

UC(advance - MTA(speed, eta)), called the uniquevetu it
describes how the distance between the spark aevand the
maximum torque spark advance reduces the torqieutput is 1 if
the input is 0. The output decreases while the tirgifference
increases. It is very similar to a parabolic cuased it has the
property to fit well the experimental data in tlgguation

TORQUE=MT(speed, eta) * UC(advance — MTA(speed) eta

where:

speed is the engine speed
eta is the air inlet efficiency
advance is the actuated spark advance
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Figure 8.13Torque interface

In engines with the VVA system, this algorithm inegsl one map and four
vectors in Full Lift mode. Generally, an spark aut@ map is a two-
dimensional map dataset consisting of two variablesh as engine speed and

load.
Rpm fixed
/ —;—n=.29
n=4
——=8
—e—q=.8
. .
g
2/ T

Figure 8.14Advance versus manifold Pressure at Rpm fixed iféerént air
inlet load

In EIVC or LIVO mode, at fixed speed and load, spark advance depends
also on the manifold pressure (Figure 8.14). A aigbressure implies a lower
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Early Closing angle, reducing the effective compi@s ratio and the end of
compression temperature; This reduces the knockgrhenon, increasing the
maximum allowed spark advance.

The Figure 8.14 shows, in EIVC mode, the spark adearend versus the
manifold pressure at fixed speed, for some valdesiroinlet efficiency (the
values have been omitted for confidentiality redson

Therefore, while in Full Lift mode, is yet validah

Advance = f(Speed, Load)

in VVA mode it has to be considered the dependémay pressure:

Advance = f(Speed, Load, Manifold Pressure)

The MMO has allowed to manage the phenomenon, dfettesht proposed
algorithms have been automatically calibrated andpared in a few time.

The Figure 8.15shows the algorithm with the besfopmance.

6

)

EVCLIVO
FL Advance .

v

Figure 8.155park advance algorithm

In EIVC or LIVO mode, the spark advance is calaedits the sum of the
spark advance in FL mode and the correction for \&yAtem. This correction
is the weighted average between the FL spark advand the reference angle
spark advance. The weight factor map is functiontlted speed and the
EIVC\LIVO-FL Distance, calculated as follow:

EIVC\ LIVO - ELDistance= CurrentElVC\LIVO Angle- MinAngleRd
MaxAngleRé¢ - MinAngleRd

The MinAngleRefis the minimum realizable cam angle for each medele
the MaxAngleRefis the maximum early closure angle for EIVC an& th
maximum late opening angle for the LIVO on the ganafile (Figure 8.16).
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Figure 8.18Vlax Angle Ref for EIVC and LIVO mode

Using the Multi Map Optimization (Figure 8.17), thesulting optimized
maps are smooth and the mean square error megpsettision target (see also
the error distribution on Fig.12) and the predictedsus observed graph shows
the validity of the chosen model. The experimeragehbeen conducted on test

bench for a gasoline engine Fiat S| Turbo 1.4 | H5with VVA.
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Figure 8.17The MMO for spark advance algorithm
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Spark Advance

EIVC Angle

Figure 8.18Graph predicted vs observed

The Figure 8.18 shows the spark advance trend seisu early closing
angle for different values of air inlet efficienay fixed Speed. The circle points
are experimental, while the star points are thatsgiredicted by the model.

Mean =-0.0622, STD=1.01, Range=[-2.93 4 45]
S0OM=1.01, ERR <2 =96.12%

m
o

e
L]
T

'
o
T
I

o]
m
T

w
=

Prob,[%]

[ 5]
o
T

5 4 2 0 2 4 B 8
Advance Error [°],(Model-Measure)

Figure 8.1%rror Distribution

The described algorithm is now equipping FIAT Graaytomobiles. The
good accuracy of the described algorithm has perchib improve the dynamic
response of the engine, taking full advantage ef WA technology. The
described development tools are currently usedhbycalibration engineers in
worldwide FPT engine test departments.

135



8.3.2. An Algorithm for gear shift suggestion

The gear shift suggestion is an helpful tool inesrtb achieve a further
reduction of CQ. The basic idea is to suggest to the driver totipaitengine in
conditions that minimize the fuel consumption. Tagisting algorithm is
strongly depending on the vehicle characteristiod then requires a specific
calibration for any different vehicle, even if & équipped with the same engine.
The proposed algorithm (patented with number EP2021T), allows a single
calibration for an engine and then reduces théalon effort and saves CPU
and memory resources.

The objective of this algorithm is a suggestionttdaes not induce a
difference in vehicle speed. This means that vhth guggested gear the torque
at vehicle wheel needs to be the same one thaipised with the current gear.
So this condition is the constraint to be considenean optimization problem,
where the function to be optimized is the fuel aomption.

In the Figure 8.20 a diagram indicating the engorque at the current gear
(x-axis) and the fuel consumption (y-axis), wheine suggestion zones have
been indicated. The part above the black line (tmalicates the fuel
consumption with the current gear), correspondartaip-shift suggestion, the
part under the black line is related to a downtsFkibr this reason the algorithm
needs only two maps (look up tables) to be impldettnBoth maps are
addressed by current gear and engine speed: sharfap (UpShift Map) gives
in output the torque under the which an up-shi§gastion has to be given, the
second one (DownShift Map) gives in output the ter@bove the which a
down-shift suggestion has to be given.

The described algorithm used the calibration toeiscribed in 5.6 to obtain
the UpShift Map and DownShift Map.

Marsia 3, Rpm 3760

Upshift:

Cansuma, [g/s]

0 a0 200 250

0
Coppia al matore nella marcia carrente, [Nm]

Figure 8.20Torque and fuel consumption
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e a new spark advance calculation algorithm, thattfie specific needs
of MultiAir engine;
e an algorithm for gear shift suggestion;

8.3.3. An algorithm for inlet air charge estimation

In Spark Ignition engine control system the inletcharge estimation is a
very important factor to fulfill engine performandeurrently different solutions
are implemented by means of specific sensor omastin algorithm. In second
case two different approaches are proposed: Sanai equation or filling and
emptying model. The algorithm, proposed in ([79)dapatented, uses a
combination of both approaches: the use of theabitke other is depending on
the ratio between the value of pressure downstrgenthrottle body and the
upstream value. This algorithm is particular sudalior Variable Valve
Actuation engines where the inlet air charge isdéarto estimate than in a
conventional engine.

In the Figure 8.21 the Simulink diagram is showrhe Tdetails of the
implementation are available in [79].
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Figure 8.21nlet air charge estimation algorithm - Simulinlagiam
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Chapter 9 Conclusions

The automotive industry is facing a very challeggiphase. Actually the
coming scenario consists of more and more ambitiegsirements (regarding
fuel consumption and fun to drive) and new consteadue to new emissions
legislation (Euro 5+ and in the following Euro G&ajoing to be mandatory for
every new vehicle homologation starting from Seftem2011 and for every
vehicle registration from January 2014. The most panew requirements is
affecting the powertrain and implementation invehadmost always electronics.
Consequently the engine control systems are begopmore and more complex.
In the figure the complexity of control system Hmen expressed in terms of
new components and number of control parametefse(talibrated).

45 b sumisratasmpmnants
[mn mrinunier]

WUHLTHRIE I

MULTAIR

A0k 100k 180K " pramars

Figure 9.1Control system complexity

On the other hand time to market is reducing monel @ore and
consequently development time is becoming shomer shorter: for instance
development of new engine and related control sygiasses from 25 months
to 18 months.

The peculiarities of automotive industry is thatistbased on large scale
production and so any kind of problem can affebtsusands and sometimes
millions of models: there is less time to develgstesm but no errors are
admitted. Several cases regarding call campaigms baen published also for
the most important car makers. In this situationmeet requirements and to
guarantee the necessary quality level (Index Peu3dnd Vehicles indicators
are used to define the expected level of qualigme units are the current
targets), a development process needs to be efeptiedictable and fast.

A quite known development process can be repreddmyta V-cycle (Figure
9.2).
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Figure 9.2Control system development cycle

The development of complex systems in shorter tifmemeet more
ambitious requirements can be faced only by measpezific tools.

The research has been focused on the realizatidnapplication of new
tools to support and some times make automaticrtbst critical phases of
development process of an engine control systematticular following tools
have been developed and experimented in real cases:

- engine model

- engine control systems design and calibration enwirent

- low-cost Hardware-In-the-Loop system

In particular the:

- engine model can be used during:

= the first phases of control specification, to defthe
system targets;

= algorithm design, to verify in simulation the capitr
system performance;

=  HW/SW verification, by means of a hardware in the
loop simulator, to verify the control implementatio
with respect to control algorithm models;

- engine control system design and calibration emirent
assists the design and implementation phases argsma
automatic the final calibration activity;

- low cost HIL has been used during the verificatgrase in
particular for the integration phase and the lowtanakes
possible a wide application of the tool.

The described tools have been applied during dpustmt of control
systems for new variable Valve Actuation engine (Bigure 9.3 and Chapter 2
for more details).
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Cam  Oil chamber Selenoid valve Accumulator

Piston Full Lift (FL) represents the normal functioning of the
valves, .8, commanded mechanically by the camshaft:
Early Closure (EC) is ohtained by opening the solenoid
valve at a certain cam angle.
FULL LIFT
Hydraulic EARLY |~
Brake CLOSURE N
L LATE OPENING
Intake
Valve
Late Opening (LO) can be achisved by regulating
the solenoid valve partially opened.
Multi Lift (ML) is 3 particular operative achustion
mode ohtained combining the late opening with

the early closure,
Crank angle

Figure 9.3Variable Valve Actuation

Such a kind of engine introduces a new freedomedetitat can be used for
reduce fuel consumption and emissions, but on therchand increases the
complexity of the overall system and consequentig tlevelopment and
validation time for control system.

A rough estimation of benefits of using these tpbls shown a remarkable
reduction of development time that in some cases ffie calibration time has
been reduced from 20 to 1!). Another considerattothat the complexity of
systems makes the availability of such kind of$aimust and not an option.
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