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Summary

Today’s automotive market is extremely competitwvel quickly changing. The
customers demand excellent driving performance, tegislations impose
increasingly stricter constraints and competitiopéses increasingly shorter
development cycles because of reduced times-toeharEnvironmental
awareness and public concerns about CO2 emissawestieen for a long time a
substantial factor in promoting technological acd&ments in the automotive
industry. In this scenario, the actual high periemmaof electronic devices in
cars is and will be a key factor for the fulfillntesf all the above requirements.
In fact, in a recent study it has been estimateat ®0% of automotive
innovation includes the electrical and electromiags.

On the other side, next generation of engines iwidtease in complexity,
functionalities and self monitoring capabilitiesitiwtrue shifts in technology,
like e.g. intelligent alternators and variable \ealactuation systems. In this
respect, the contents of this thesis summarize asy four years of research
activity which has been carried out in the fieldeofyine control systems design
and validation.

Actually, the problem of the production of pollwirsubstances during the
combustion phases depends not only by the enginetste but also on the
engine management system. Therefore, the contfisla@ plays an important
role in the achievement of suitable engine and alehperformance while
maintaining low emission levels. To this end, tlmnplexity of the software
functions needs to be increased, both in termégofithmic complexity and for
the need to handle the additional degrees of fieeahmilable (i.e. model based
torque management during take off, valve timing walve actuation
management, different values for battery voltage smon). In turn, the larger
control systems complexity imposes the use of nsmghisticated tools and
methods for the optimization of the engine congyatem parameters.

Most of the work underlying this thesis has beemried out in the
automotive company where | actually work for angams the results of the
many efforts accomplished in addressing such kingrablems. In particular,
the research activities have been undertaken apdriexented on a gasoline
engine equipped with a Variable Valve Actuation @A)V module. The
potentialities of VVA systems represent the acttraintier of the engine
technology and therefore such a kind of engineesgts a relevant baseline for
experimenting novel approaches. In particular, fowain topics have been



investigated: the first one regards the designnodrs alternator management
algorithms that allow the achievement of lower esiis levels than standard
alternators and improve the performance duringagerhanoeuvres.

The second topic regards the development of a netliad, named drive off
algorithm, for handling the take off phases. THgodathm has been proved so
effective in test benches that it has been impléetkim all commercial vehicles
since the beginning of this year. The third andtfotiopics have regarded the
way to manage the additional algorithmic complexitie to the availability of
the further degrees offered by the new VVA techgwld-or this reason, a new
spark advance algorithm has been developed, bamgtandard one not so
good in adequately taking into account the spetidi of the VVA technology.
A second more complex aspect being addressed itbkea the increased
number of engine control parameters to be calidrdte this new kind of
engines. The old tuning methodology based on d-arid-error approach
resulted not enough accurate for the novel comgquirements and too much
time-consuming. A novel tuning methodology has beeveloped which, on the
contrary, is based on an optimization approach almvs one to achieve the
desired accuracy in short times. For this reasbmas been adopted in my
company since last year and it is actually usedstendy state calibration of
each motorization of MULTIAIR engines.

The thesis is organized in eight chapters.

The first and second ones describe the scenamdiich my work has been
developed, showing the restrictive emission levelpuired in the automobile
world and some technological enhancements for fmdnomy, emission
legislation fulfillment and engine performance impements.

In the third chapter, the control algorithms depeld to manage the smart
alternator technology are described, showing tligeaed benefits. The details
of the control algorithms and the obtained reshise been described in the
paper (SAE2011) [12].

The fourth chapter describes the control functiosed to improve the
engine performance during the take off maneuvéiiL.TIAIR © engines. This
work has been published in the paper (EAEC2011) [1

In the fifth chapter a control function that optaes the performance of a
VVA engine has been detailed. This algorithm caltag the spark ignition
timing (one of the necessary engine parametersyder to obtain the optimal
behavior in each engine working mode and in eaclabig valve mode. This
work has been presented at the Fisita 2010 Corderésee [10]). The tools and
the methodology developed for the optimizationhef engine parameters have
been described in another paper presented at e @anference (see [9]).

In the sixth chapter, several tools for engine wansystems design and
calibration have been described. This chapter amtaaterial published in the
book’s chapter[16]) and in the conference papers [71], [78],][180], [81].

The seventh chapter concludes the thesis, reposimge results and
showing the benefits of the proposed methodologiea real application.



Table of contents

SUMIMAIY ettt eeeeen e e e e e et e e e e e eenna e aeaeees 1
Table Of CONTENTS........uuiiiiiiiiiiiiiiee e 3
LiSt Of fIQUIES ..o 6
Chapter 1 New automotive requirements and the obl¢he
Engine Control SYSIEMS .......cooviiiiiiiiii oo 8
1.1 EmIsSions RESHNCHON ........ooviiiiiiiieeeeeeiiiiiee e 8
1.2 State of art foR diesel and gasoline engines.................... 11

1.3 Performance and robustness encreasing . cceeeeeeee.. 14

Chapter 2 Overview of Engine Control Systems.............. 16
2.1 Variable Valve Timing SYStem .............comeeeeeeeenniniiiiinnnen. 16
Phase Changing Systems...........ccccccveeeee e 16
Profile Switching Systems............oooviiiiimmeniee, 18

Cam Changing and Cam Phasing Systems.......................19
Valve Duration SYStEMS .........coiveiiiiiiiieeeeeen e 20

2.2 Variable Valve Actuation Technology ......ccm.eeviiinnnee..... 20

The MultiAir technology ...........coeveviiiiiiir e 23
2.3 Intelligent Alternator Control System .....cccco.vvvveveeeeeennns 26
Chapter 3 Control functions for CO2 reduction —elingent

Alternator Management............uueeiiiiieieeeeeeiaeee e e e e e eeeeeeeeens 28
3.1 Alternator PrinCiples...........oevvvviiiieeeemieiviriiiniiniiieee 29

3.2 General description of Smart Alternator System.............. 31
3.3 LOQIC ArChiteCIUIE ......vvvviviiieiiiiiiviiieeever e 32

3.4 Algorithm description...........c..uuveviiieeiineeee e 33



3.5 Experimental results and conclusions......cccvveeeeeeee... 44

Chapter 4 Control functions for performance improeat —

Drive Off AlgOrithm .......coooiiiiii e 47
4.1 INEFOTUCTION .eeeeiieeiiiiiiiiiie et a7
4.2 Drive off improvement reasons..........ccceeeeeveeevveiieeeeeeeeen, 48
4.3 Vehicle eqUIpPeMENt .....ccoiieiieie e 50

4.4 The drive off management algorithm .......cowmeeeeeeeeeeee.. 51

441 Doma General PrinCiples.........cccccuueuueimmmmmmeeeeveeennnn. 52

4.4.2 Recognition Of Drive Off Maneuvre........................ 54
4.4.3 Drive Off Support Strategies .........ccccvvveemmmmeeeeeennnnnns 54
4.5 Experimeental reSUILS ...........uuueerrsmmm e eeeeeeeeeeeeeeeeeeeeeeeaeen 58
4.6 CONCIUSIONS ..ot 59
Chapter 5 Control function for performance improesm —
Spark Advance Algorithm ..............c..uvvviimmmm e 61
5.1 Spark advance algorithm ............ccooeeeeeee e 61
5.2 Results and CoNCIUSIONS ............ooiiicmmeeniieee e 65
Chapter 6 Interactive  Optimization =~ Methodology  and
Calibration TOOIS .........oviiiiiii e 67
6.1 F.I.LR.E. tool Context USE ..........cuvmimmmmmeeiiieee e 68
FUNCional VIEW ........ccooiiiiiiiiiiie e 68
IMplementation VIEW .......... ... 69
Re-USADIIItY VIEW ....uviiiiiiiie s eeemm e 70
6.2 F.I.LR.E. Tool Objectives and Main Functionahti................ 70
6.3 F.LLR.E. BIOCKSEL......cciviiiiiiiiiie s e 71
Implementation ASPECES .........coocvvrriiii e 73
6.4 Examples of F.I.LR.E. Applications........cccceeveeeeiiiniiiiinnnn. 73
6.5 Basic engine calibration objectives ... ooeeeiieeeieeenn . 77
6.6 General purpose calibration tools..............cccceveviiieiieenne. 78
Continuous multivariable non-linear regression nede....... 78



Discrete regression model .............oovviimmmmmeeiiieiiniiieeen 79

Discrete regression algorithm ..., 81
Multi Map Optimization..............eevvveviiiiemeeneeeeeeeeeeeeeeeeeeeeeeee, 82
Tunable algorithms...........cooviiiiie e 83
6.7 Calibration performance verification tool .e...................... 84
Standard fileS.......oeeiviii e 85
Engine bench data............coovvvvviiiiiiiiiiiiiiiiieeeeeee e 85
CaliDration .........eeeeeiiieee e 86
6.8 Developed tools: application to a real engalécation........ 86
Gasoline injector Model.........ccuvviiiiiiiiiii e 88
6.9 TCA ENVIFONMENT ......coiiiiiiiiiiiiiit e 90
6.10 CONCIUSIONS ....oviieiiiiiiie ettt 92
CONCIUSIONS.....ciiiiiiiiieee e 94
Bibliography ......ccoooiiiiie e 96



List of figures

Figure 1.1 EU emission standard...........ccccceeeeciiviiiiiiiiiiiiccccceeeee e 9
Figure 1.2 ECE/EUDC Driving Cycle, representative EU norm. ........... 10
Figure 1.3 Sources of natural CO2 emiSSIONS.....ccceevvviiiieiieeeiiiiiiiiis 11
Figure 1.4 Allocation of CO2 emissions for manmadarces. .................. 12
Figure 1.5 Comparison between Gasoline and DiesekeRed CO2
(270 0T RS (o] o TP 12
Figure 1.6 Emissions from Heavy-Duty Diesel anddliae Engines. ....... 13
Figure 1.7 Control system CoOmMPpIeXity.......ccccceeeevinmiiiiiiiiiiiieeieeeeeeeeeeeee 14
Figure 2.1 Cam- phasing VVT .....uueeiiiiiiiiieeeeeeiieeeie e e e 17
Figure 2.2 Valve Lift for an Engine with Cam PhagMVT ...................... 17
Figure 2.3 Valve Lift for an Engine with Cam ChamgiVVT ................... 18
Figure 2.4 Toyota's VVTL-i SYSteM .....ccooiiiiiiiiiiiiiiiiieeeeeee s 19
Figure 2.5 VVC SyStem WOIKiNg ...........cc..ummmeeeeeeee e eeeeiiiieieieeeeeeeeeees 20
Figure 2.6 Valve Lift for engine with VVC SySteM.............oocoiiiiiininnnne 20
FIQUrEe 2.7 VVA SYSTEM ...ttt e e e e 1.2
Figure 2.8 Valve lift profiles ..., 22.
Figure 2.9 Solenoid valves activation and valve.lif....................cccccce. 23
Figure 2.10 Possible valve profiles using the Miiittechnology.............. 25
Figure 3.1 Alternator CIrCUIL. ........ccooiviieeeeeeeeieeee e 29,
Figure 3.2 Thee-phase Bridge. .........uuwiiiceeeeemeeieeiieeeeeee e 29
Figure 3.3 Alternator characteristic at E and Nstant. ............cccccceeeee.... 31
Figure 3.4 Logic Architecture SCheme........ oo 32
Figure 3.5 State flow diagram of Smart Alternataarddgement................. 35
Figure 3.6 Voltage Battery Control Scheme in PB, RE IAM status .....35
Figure 3.7 Alternator feature scheme. .........ccccceeiiiiiiiiiiiiiieee, 36
Figure 3.8 Generic PID SCheME. ........cooiiiiiiiiiiiieeeeeeee e 37
Figure 3.9 First Alternator Control algorithm schem.............................. 38
Figure 3.10 Second Alternator Control Algorithmegte .......................... 39
Figure 3.11 Third Alternator Control Algorithm sche...............ccccvvnnne 41
Figure 3.12 Third Alternator Control Algorithm Sifimk scheme ............. 42
Figure 3.13 Voltage Variation function........ccccecccvvvviiiiiiiiiiiiiiieneeeeeeeee, 43
Figure 3.14 Urban cycle example on TwinAir gasokmgine.................... 45



Figure 3.15 Extra-urban cycle exampleTominAir gasoline engine .......... 46

Figure 4.1 Example of drive off manoeuvre. ....c..cccocociiiin, 49
Figure 4.2 Vehicle interface configuration. ...e...cccccooeeiiiiiiiiiiiiiiiiinns 50
Figure 4.3 Completely pressed pedal clutch confiion........................... 51
Figure 4.4 Example of engine maximum performanggecd.................... 55
Figure 4.5 DoMA ignition timing management ........ccccoccvvvveeeeeeeeen... 57
Figure 4.6 DOMA working SCheme ........cccviveeeeeee e 58
Figure 4.7 Comparison of manoeuvres with and withthe DoMa
AlIGOITNML. Lo —————————————— 59
Figure 5.1 Spark Advance algorithm maps. .....cccceecvevveeenineeenieeeennen, 61
Figure 5.2 Torque interface. ... 2.6
Figure 5.3 Advance vs Manifold Pressure at Rpmdfifag different air inlet
(o =T H TP RRPERPRPT 63
Figure 5.4 Spark advance algorithm. ..........cccccciiiiiiii e, 64
Figure 5.5 Max Angle Ref for EIVC and LIVO mode............ccccceeeeeeenn. 65
Figure 5.6 The spark advance algorithm tuning................cccvvvveeeeeeenen. 65
Figure 5.7 Graphic of predicted vs observed. ...........ccccvvvvieeeeeiiinnnnnen. 66
Figure 5.8 Spark Advance algorithm error distribati.................cccoeeenn. 66
Figure 6.1 FUNCLONAI VIEW ..........oviiires et 9.6
Figure 6.2 Implementation VIEW..............cccemeeeeieieiiinee e 70
Figure 6.3 Re-usability VIEW ... 70
Figure 6.4 Building a new F.I.LR.E. model......ccccciiiiie 72
Figure 6.5 MaskSubsystem_template blocK.............ccccciiiiiiiiiiiiis 73
Figure 6.6 Different time slicing on a control Sst .............cccccceeeveeeeeeenn. 74
Figure 6.7 Air Conditioner Test with ECU'’s funct@rview...................... 75
Figure 6.8 Air Conditioner Test with ECU’s implentation view.............. 76
Figure 6.9 Air Conditioner Test with ECU’s implentation view with a
NEW task alloCAtION ...........cciiiiiiiit e 77
Figure 6.10 Multivariable switching regression rabexample................. 79
Figure 6.11 Discrete Regression tool eXample . .vvveeeeeeeeeeiiiiiiiiiins 80
Figure 6.12 DiscreteRegression explanation ..ceceeee.eevveeveeeeeeeieeiiiiiicinnns 81
Figure 6.13 Multi map optimization working scheme............................ 82
Figure 6.14 Multimap optimization example ..., 83
Figure 6.15 Torque interface verification t00l . .....coooviiiiiiiiiiiiiiiiee 85

Figure 6.16 Charge estimation calibration verifizattool. Inlet efficiency
curves depending on cam phaser position, at definteéle manifold pressures

.................................................................................................................. 87
Figure 6.17 Air charge estimation calibration viedfion tool. Total

Performance, StatiStICS. ......ccuuviriieeis e e e e e e e e e e e e e 88
Figure 6.18 Torque verification tool, cam phasesifian dependency....... 90
Figure 6.19 TCA tool, user interface. ........cccvvvveeeeieiieiieeiee e 91



Chapter 1 New automotive requirements and
the role of the Engine Control Systems

The automotive industry is facing a very challeggiphase. The coming
scenario consists of more and more ambitious rements regarding fuel
consumption, fun to drive and also important caists due to new emissions
legislation:

e Euro 5+ for additional diagnostic requirements
» Euro 6 for challenging emission levels

which are going to be mandatory for every new ehimmologation starting
from September 2011 and for every vehicle regisindtom January 2014.

The most part of these new requirements are patigipaffecting the
powertrain with additional mechanical subsystemsl amelated pieces of
electronics to manage them. Consequently, the engiantrol systems
necessarily will become more complex, for the né@dmanage additional
functionalities and govern the cooperation betwdkea new and the old
technologies. Also, they will have to maintain baxkmpatibility with the old
engines guaranteeing in any case the best pogsiermance.

1.1 EMISSIONS RESTRICTION

The regulation norms on emissions for the automsotindustry were
introduced first in the United States in the sgtiwhen the growing amount of
vehicles started to increase the atmospheric pafiutproducing effects on
people health. For this reason, the USA authoribegan to emit specific
legislations in order to regulate the vehicle emiss. After that, during the
seventies, also the Europe defined first laws diufpen emissions. European
Union emission regulations for new light duty véégc(passenger cars and light
commercial vehicles) were once specified in thee@live 70/220/EEC with a
number of amendments adopted through 2004. In 20@/Directive has been
repealed and replaced by the Regulation 715/20Qifo(/6). Some of the
important regulatory steps implementing emissioandard for light-duty
vehicles were:

e Euro 1 standards (also known as EC 93): Directi9&s141/EEC
(passenger cars only) or 93/59/EEC (passengeracatsight trucks),
approved in July of 1992.

» Euro 2 standards (EC 96): Directives 94/12/EC d69#&C, approved
in January of 1996.



e Euro 3/4 standards (2000/2005): Directive 98/69/Efyther
amendments in 2002/80/EC, Euro 3 was approvedrninaig of 2000,
Euro 4 in January of 2005 for the vehicle homolaggtin January of
2006 for the vehicle registration.

» Euro 5/6 standards (2009/2014): Regulation 715/2Q@olitical”
legislation) and Regulation 692/2008 (“implementitegislation)

The emission standards for light-duty vehicles aplicable to all vehicles
of categories M1, M2, N1 and N2, with a referen@ssnot exceeding 2610 kg
(Euro 5/6). EU regulations introduce different esios limits for compression
ignition (diesel) and positive ignition (gasolindG, LPG, ethanol) vehicles.
Diesels have more stringent CO standards but &oeed higher NOx. Positive
ignition vehicles were exempted from PM standatdsugh the Euro 4 stage.
Euro 5/6 regulations introduce PM mass emissiondstals, equal to those for
diesels, for positive ignition vehicles with DI eéngs.

The 2000/2005 standards were accompanied by aodirdtion of more
stringent fuel regulations that require minimumseiecetane number of 51 (year
2000), maximum diesel sulfur content of 350 ppr2®0 and 50 ppm in 2005,
and maximum petrol (gasoline) sulfur content of Hp®n in 2000 and 50 ppm
in 2005. “Sulfur-free” diesel and gasoline fuefs10 ppm S) must be available
from 2005, and became mandatory from 2009.

EU emission standards are summarized in the taileAll dates listed in
the table refer to new type approvals. The EC Dives also specify a second
date, one year later, unless indicated otherwishjctw applies to first
registration (entry into service) of existing, pimsly type-approved vehicle
models.

EU Emission Standards for Passenger Cars (Category M.l*) a/km

Diesel

Euro 1t 1992,07 2,72 (3.16) - 0,97 (1.13) - 0.14 (0.18)
Euro 2, IDI 1996.01 1.0 = 0.7 = 0.08
Euro 2, DI 1996.01% 1.0 - 0.9 - 0.10
Euro 3 2000,01 0.64 - 0.56 0.50 0.05
Euro 4 2005.01 0.50 - 0.30 0.25 0.025
Euro § 2009,008 0.50 = 0.23 0.18 0,005
Euro 6 2014.09 0.50 = o.17 0.08 0.005%
Petrol (Gasoline)

Eurg 1T 1992.07 2.72 (3.16) - 0.97 (1.13) -

Euro 2 1996.01 2.2 - 0.5 - -
Euro 3 2000,01 2.30 0.20 - 0.15 -
Euro 4 2005.01 1.0 0.10 - 0.08 -
Euro § 2009.088 1.0 0.10¢ = 0.06 0.0059=
Eurp 6 2014,09 1.0 0.10¢ - 0.06 n.onsde

* At the Euro 1,.4 stages, passenger vehicles > 2,500 kg were type approved as Category N, vehides

t Walues in brackets are conformity of production (COP) limits

- umtil 1999,.09.30 (after that date DI angines must mest the IDI limits)

- 2011,01 for sll medels

- and NMHC = 0,068 g/km

- applicable only to vehicles using DI engines

- proposed to be changed to 0.003 gfkm using the PMP measurement procedure

oon o

Figure 1.1EU emission standard.



In order to measure the emission index, the vehies to cover a real
representative driving cycle that covers idle ctiods, low and high constant
speed, acceleration and deceleration, urban ang-esttan driving cycles.
Effective after year 2000 (Euro 3), that test pchoe was modified to eliminate
the 40 s engine warm-up period before the beginafrggmission sampling. This
modified cold start test is referred to as the NEwropean Driving Cycle
(NEDC) or as the MVEG-B test. All emissions are r@gsed in g/km.

The Euro 5/6 implementing legislation introduceseav PM mass emission
measurement method (similar to the US 2007 proeddeveloped by the
UN/ECE Particulate Measurement Programme (PMP)aaljusts the PM mass
emission limits to account for differences in résulsing the old and the new
method. The Euro 5/6 legislation also introducepaaticle number (PN)
emission limit in addition to the mass-based limits

In Figure 1.2 the “New European Driving Cycle” NEDC iisported,
composed by the ECE cycle, which represents aaypitan driving cycle and
it is considered for four times, and by the EUDCley which represents a
typical extra urban driving cycle, where the veliains up to 120 km/h.

NEW EUROPEAN DRIVING CYCLE (NEDC)
FOR EMISSION MEASUREMENTS
Urban Driving Cycle
1201 ECEUDC EUDC AV SPEED =19 km/h
MAX SPEED =50 km/h
LENGHT =4,052 km
100+
—_— Extra Urban Driving Cycle
i 80 AV.SPEED =62kmh
> MAX SPEED =120 km/h
ey LENGHT = 6,955 km
[m]
w 607
w
o
w
401 New European Dri. Cycle
AV.SPEED =336 km/h
LENGHT  =11,007 km
) H /-\ /-\ /—\
(LI  L
| 195 | 195 | 195 195 400 TIME (S)
) T T T T 1
0 1,013 2,026 3,039 4,052 11,007 SPACE (km)

Figure 1.2ECE/EUDC Driving Cycle, representative for EU norm.

During the cycle, the exhaust gas are sampledptiielants species are
individuate and compared with the target thresholds

Starting from the Euro 3 stage, vehicles must héppgd with an onboard
diagnostic system for emission control. Driver mbst notified in the case
which a malfunction or deterioration of the emissgystem occurs that would
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cause emissions to exceed mandatory thresholdsthfesholds are based on
the NEDC (cold start ECE+EUDC) test. To distinguishm the US OBD, the
European limits are also referred to as the EOBXdfgean OBD).

1.2 STATE OF ART FOR DIESEL AND GASOLINE ENGINES

Besides their fuel economy advantage, the diegghea emit extremely low
concentrations of unburned hydrocarbons and cammmoxide emissions [8].

The reason for these extremely low hydrocarbon (Bi@€) carbon monoxide
(CO) emissions is that diesels operate in very legyimes wheré. (relative
air/fuel ratio) is greater than 1 [1].Carbon diaxiCO2) is the major product
generated in the combustion of fossil fuels. Thibagist species is generally
referred to as a greenhouse gas and considerezhsiisie for global warming.

In spite of this belief, CO2 remains an unregulatadission species.
However, at recent environmental world meetings reheoncerns over the
global effects of emissions were discussed, newnaitmments were made to
collectively work at reducing CO2 emissions. Ingtirgly, CO2 emissions
produced by natural phenomena far exceed thosehvdrie manmade. Figure
1.3 shows the apportionment of CO2 emission frotunah sources [8]. The
total yearly CO2 emissions from natural sourcesessimated at 770%109
tons/annum. By contrast, the total yearly manma@2 €missions is estimated
at 26x109 tons/annum, less than 4% of the total @@&ntory.

Bin-Mass Soil
1% 28%

Oceans

oti
A3% Vegetation

28%

Figure 1.3Sources of natural CO2 emissions

Even though manmade CO2 emissions may represantih gercentage of
the global CO2 problem, it is important that acticare taken to minimize its
impact on the environment. Figure 1.4 gives the C&lacation of each
manmade source [8]. Power generation, heating, imthdstrial activities are
responsible for about 70% of manmade CO2, whilespartation-related CO2
represents about 16% of all manmade CO?2.
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al Bin-Mass
Transportation 15%
16%

Power
Generation Healinu
25% 23%

Figure 1.4Allocation of CO2 emissions for manmade sources.

With the worldwide predominance of gasoline-powerqikbrsonal
transportation, conversion to modern diesel-powevetiicle could reduce
transportation-related CO2 by about 25% from currlavels. Figure 1.5
represents the results obtained by the German &eHerironmental Agency
on 99 gasoline- and 36 diesel-powered vehicle9B118]. From that study, it
was concluded that diesels had an average of 19¢%ntabe over gasoline
engines, in CO2 emission. The diesel engines imeblin that study were
mostly indirect-injected engines that are lowerfuel efficiency than their
direct-injected counterparts by about 10 to 15%.

Hence a 25% reduction in transportation-related Ce@gissions by
encouraging dieselization of gasoline-powered \ekics thought to be quite
feasible.

280 o Gasoline | o ©
A Diesel | o a

COZ Emissions, g/km

1100 1300 1500
Vehicle Weight, kg

Figure 1.5Comparison between Gasoline and Diesel-Powered&b@&sions.
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While diesel engines are known for their high eegimut emission of
nitrogen oxides, the NOXx issue is perhaps worthhé&ur examination to put
matters in their proper perspective. A sample afuali5 heavy-duty gasoline
engines calibrated to meet the 1991 US Federals@nistandards were tested
according to EPA specifications. The mathematiwalage of their emissions is
given in Table 1, where the corresponding restults siatistically representative
sample of diesel engines of the same capacitynateded. In addition, a line of
emission data obtained by testing the same heatyy-gasoline engine when
equipped with a 3-way catalyst is also providedFigure 1.6, for comparative
purposes.

- Emissions, g/bhp-hr
Test Condition

HC co NOXx PM
Diesel, engine-out 0.15 1.50 3.40 0.07
Gasoline, engine-out 0.81 30.22 4.30
Gasoline with 3-way catalyst 0.07 2.30 0.04

Note: Results are composites for EPA heavy-duty transient FTP cycle. Engine-out results are the
mathematical average of 15 gasoline engines, 9 diesel engines, and 3 heavy-duty gasoline engines equipped
with 3-way catalysts. All engines were about 7.0 L capacity.

Figure 1.6Emissions from Heavy-Duty Diesel and Gasoline Eegin

In diesel engines both HC and CO emissions are al $raction of those
found in their gasoline engine-out counterpartserEdiesel engine-out NOx
emissions, in the example of Figure 1.6, are alrhddtg/bhp-hr less than their
corresponding gasoline emissions. However, thamkshe 3-way catalyst
conversion efficiency, the same gasoline engineis extremely low HC, CO,
and NOx emissions. Of course, conditions in theaegh have to be conducive
to the optimum operation of the 3-way catalyst.Wétcurate control of the fuel
and air, modern gasoline engines operate at stoietric ratio where the
catalyst performs at its highest conversion efficie Unfortunately, diesel
exhaust is extremely lean and reducing NOx in arger-rich environment is a
very challenging task. The catalyst industry is eleping solutions for the
diesel NOx problem, but so far there is a lot obate regarding the most
plausible method of dealing with this problem.

Another problematic pollutant associated with diesggines is particulate
matter. The casual observer is made aware of thigtant in the form of black
smoke or soot emitted from either the tail pipesnwminy diesel-equipped
passenger cars or the stacks of diesel-powered/ttkdy vehicles. Emission of
soot is also accompanied with other matter suspgkmi¢he exhaust, such as:
unburned lube oil, unburned fuel, trace metals,sanfiir byproducts.

Emission of soot in particulate matter results frdhe nature of the
heterogeneous combustion process or diffusion tgpenbustion that is
prevalent in diesel engines. Fuel and air mixturepgration in modern diesel
engines has greatly reduced this problem. In axgithe development of diesel
particulate filters promises to eliminate it alttger. Particulate matter is not yet
regulated in gasoline engines.
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Due to the wedlock explained before, joining witte toverall constraints
necessary to optimize a vehicle; as consumptiomictézh and performance
increasing, the old engine management techniques ésough to fulfill all
these demands.

In Figure 1.7 the complexity of control systens lieen expressed in terms
of new components and number of control paraméteise calibrated).

45 b sumearatasmunnants
[mn mranniar]

MULTIH IR

NO Owml

Gualirm

5

5 tan
a0k 100K 150K, prnmmErs

Figure 1.7Control system complexity

Because of competition, time to market is more amte reducing and
consequently the development time is becoming shartd shorter: for instance
only 18 months are allowed for the development efvrengine and related
control system while that time was of 25 monthg/dalv years ago.

The peculiarity of automotive industry, consistioiglarge scale production,
makes it a risky business because a single probmaffect thousands and
sometimes millions of models: there is less timelévelop the system but no
errors are admitted. Several cases regarding rezatipaigns have been
published also for the most important carmakershis situation, being able to
meet requirements and guarantee the necessarytyqleliel (Index Per
Thousand Vehicles indicators are used to defineetpected level of quality:
some units are the current targets) is really allaige if an effective,
predictable and fast development process is naolaine.

1.3 PERFORMANCE AND ROBUSTNESS ENCREASING

The automotive industry is one of the most comjpetitnarkets in terms of
performance and cost. Obviously clients will hawepaly an increased number
of mechanical failures and driving feelings frondueing the development and
producing costs. These issues lead many journadistsiticize new models by
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doing benchmarks and product tests. A negativebfeeld can create problems
in the market, reducing the amount of vehicles sold therefore the profit.

OEMs are always searching for innovative solutidimat can give them
market advantages:

* on gasoline engines, the need of responsiveness faed
consumption reduction brought to the introductidrthe MULTI-
AIR® technology that manages in a flexible way the iniake
valves;

e to reduce noise and vibration harshness (NVH) atstbp light or
in traffic queues, Start & Stop technology, thatitshes off the
engine automatically at each vehicle stop, areghéaployed;

» to improve fun to drive and once again to redueg d@nsumption,
smart management of the alternator has been dedldpgnanages
the battery charge in braking and accelerationgdas

» emission reduction on diesel engines, has beerewasthiwith a
flexible fuel injection management on common rajstems, so
called MULTI-JET If®, up to 10 injections per engine cycle;

» to improve driving comfort and safety, Hill Hold&rchnology, that
brakes the vehicle automatically in a drive offaoslope to prevent
vehicle roll-back;

e to improve the drive off maneuver the analogic aiuand the
accelerometer sensor are employed.

These complex electronics peculiarities are alsmessary for low-segment
vehicles. Therefore, the electronic components inceeasing, such as the
degrees of freedom.

Each new technology introduced cannot be seen esngonent that is
simply added to the vehicle but must be managedlbyrithms in charge to
coordinate all present features with the added .oBesause the increase of
complexity is exponential, it is very difficult foresee the complete interaction
of each technology with the risk of delivering puots with lacks of
performance.
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Chapter 2 Overview of Engine Control

Systems

The recent trend in engines design is the use wfdisplacement engines
(the so called “downsizing”) to fulfill the new remjements. The need for torque
and power increments is obviously in contrast ithl consumption reduction.
Therefore, new technologies need to be used irr dod@duce different engine
working conditions. On gasoline engine the indastresearch is focused on the
development of a new way to let the air enter itite engine: the Variable
Valve Timing, or Variable Valve Actuation systerméhaalso the use of Turbo
Charger) have the objective to minimize the poveguired for pumping the air
in the cylinders and, in turn, maximize the enggféciency. In this scenario a
revolutionary approach has been introduced by Ifyameans of the MultiAir
technology, detailed in this chapter, that pernatdefine 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 the crankshadsition. 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 foanwous concepts that
allow one to change the advance, overlap, and éwvenhe case of some
overhead-cam engines) the duration and lift ofua-&iroke internal-combustion
engine's intake and exhaust valves while the engmeoperating. This
technology has been under development for more ¢haantury (a variation
was tried out on some early steam engines), bstdhly within the last twenty
years or so with the advent of sophisticated ed@dtr sensors and engine
management systems that it has become practicaktiedtive. There are a
number of different variable valve timing systemsirently available and under
development, to control the different valve timipgrameters. These systems
can be grouped in terms of their operations as:

» Phase Changing Systems

» Profile Switching Systems

e Cam Changing and Cam Phasing Systems

e Valve Duration Systems

Phase Changing Systems
Examples of cam-phasing VVT are:
» Toyota's VVT-i (Variable Valve Timing with Intellignce), which
intelligently adjusts the overlap time between #hwaust valve
closing and the intake valve opening;
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 Lexus's VVT-IE (VVT - intelligent by Electric motdr which
consists of the cam phase converter, mounted onirtake
camshaft which converts the motor rotational inpuoto the
advance and retard of the cam phase, and a brashlestric
motor, installed in the engine chain case.

WT pulley GCY )
[ Movable piston } < &I

Camshaft
angle sensor

ECU

Engine oil pump

Figure 2.1Cam- phasing VVT
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Figure 2.2valve Lift for an Engine with Cam Phasing VVT

Phase changing systems have been available on qiimuiengines for a
number of years but have tended to be applied tontiie highest specification
engines of a particular range. Phasing the intak@sbaft to gain increased
performance, with a mechanism that can be moveddast two fixed camshaft
timings, is the most common application with themfe in timing normally
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occurring at a particular engine speed. More régetiiere 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.

Profile Switching Systems

This type of variable valve timing system is capaloff independently
changing the valve event timing and the valve plfakThe system switches
between two different camshaft profiles on eithebath of 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 emissionpuutThe second profile is
comparable to the profile of a race cam and comiesdperation at high engine
speeds to provide a large increase of power oufthérefore, cam- changing
VVT systems act as if two different cam types ghhénd low speed were used.

HIGH-SPEED CAM

YALVE LIFT

Figure 2.3Valve Lift for an Engine with Cam Changing VVT

Honda, with the VTEC (Variable Valve Timing and &i®nic Lift Control)
system started production of a system that givesngime the ability to operate
on two completely different cam profiles, elimimagia major compromise in
the engine design. In its simplest form, VTEC akative valves to remain open
for two different durations: a short opening tine fow-speed operations to
give good torque and acceleration, and a largeniageime at higher speeds to
give more power. For accomplishing that, the cartshas two sets of cam
lobes for each valve and a sliding locking pin dw tcam follower that
determines which lobe is operating the valve. Tdekihg pin is moved by a
hydraulic control valve based on the engine speed power delivery
requirements. The two lobe shapes are referred tuel economy cams and
high power cams, meaning that Honda engines withtdthnology are really
two engines in one - a performance engine and amoggical engine.

Because these systems have inherently two-posifienations, they are not
suitable for being optimized under different loazhditions, e.g. EGR control.
The ability to change the valve event timing, tHiednd duration ensures that
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these systems are capable of providing very highepoutput from a given
engine whilst still complying with the emissiongiation.

Cam Changing and Cam Phasing Systems

By combining cam-changing VVT and cam-phasing Véiie could satisfy
the requirement of both top-end power and flexipithroughout the whole rev
range, but it is inevitably more complex.

A typical example of this system is the Toyota’s MVi (Figure 2.4). The
system can be seen as a combination of the exigNfigi and Honda’s VTEC,
although the mechanism for the variable lift ifetiént 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 extavalves). It also has two
cam lobes acting on that rocker arm follower, thtgek have a different profile -
one with longer valve-opening duration profile (foigh 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 have not any effect on the rdokewer because there is
sufficient spacing underneath its hydraulic tapp¥t.low speeds, the long
duration cam idles while when the speed has inece&s the threshold point,
the sliding pin is pushed by hydraulic pressurdiltothe spacing. The high
speed cam becomes effective. Note that the fastpramdes a longer valve-
opening duration while the sliding pin adds valife (lvhile for Honda VTEC,
both the duration and lift are implemented by thendobes). VVTL-i offers
variable lift, which lifts its high speed power put a lot. Compared to Honda
VTEC, Toyota’s system has continuously variableveaiming which helps it
to better achieve low to medium speed flexibilityerefore, it is undoubtedly
the best commercial VVT system today available. ktesy, it is also more
complex and probably more expensive to build.

Short duration

Long duration cam

Low rpm High rpm

slipper
follower

roller
follower

Figure 2.4Toyota’s VVTL-i system
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Valve Duration Systems

The basic concept of this system is that of lengtige 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
rotating disc to drive the inlet valves of everyoteylinders. Since the 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 normély the toothed belt from
the crankshaft. Figure 2.5 shows an example of iking VVC system. When
the eccentric wheel, which is connected to cranfkshih revolution speed
halved, rotates at 180°, the camshaft turns, fampte, only 140°. In the
following 180° of eccentric wheel, the camshaftntiinstead 220° so that it
remains totally in phase with the crankshaft. Nasiable camshaft speed can
change the duration of inlet valves opening. Figu& shows the valve lift for
an engine with VCC Rover.

camzhaft mm
eccentric wheel B3

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 syste@ontrary to classical
engines, where the intake and exhaust valves anmemded mechanically by
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the camshaft and so both the timing and the duratforalves opening are fixed
by events, the VVA system offers the possibilityvery the valves actuation.
Moreover, the innovative VVA system allows one tmtrol the air mass flow

rate that is inducted in an internal combustionimagvithout any use of the

throttle plate; this last situation has the benefit having an air pressure
upstream of intake valves always constant becauseptimp losses near the
throttle body are zero.

The adopted VVA system is shown schematically iguFé 2.7. The valve
actuator consists of a piston connected througloibohamber to the intake
valve, a solenoid valve to regulate the pressusaénthe 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 possitleh as those 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 betwhkerirttake valve and
the camshaft through the piston;
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Early Closure (EC) valve mode is obtained by opegrime solenoid
valve at a certain cam angle, i.e. the control @ngéducing the
pressure inside the oil chamber. The motion ofitkeke valve is then
decoupled from the piston and, forced by the vajwmengs. It starts to
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 bwlatipmg the
solenoid valve partially opened. In this way, tlegsure inside the oil
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 ctirashaft.
Consequently, the valve profile is similar to thé fift mode, but with
a smaller time duration;

Multi Lift (ML) actuation mode is a particular opive actuation
mode obtained combining the late opening with tdyeclosure, as is
shown in Figure 2.9 This profile is limited by tmeechanical cam
constrains, in fact the next late opening mustdiwate before 50% of
the full lift cam.

The flexibility of the intake valve control offerdaly the VVA system leads
to enhancing the efficiency of the combustion pssceMore in general, the
following advantages can be addressed by the imttazh 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, dititatand fuel
consumption in transient operation.

FULL LIFT

EARLY
CLOSURE

LATE OPENING

Crank angle

Figure 2.8Valve lift profiles
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Figure 2.9Solenoid valves activation and valve lift

The electro-hydraulic actuator that has been deeeldas relatively simple
and behaves high hardiness characteristics and demsitivity to critical
parameters, like variation of the oil viscositiated to temperature.

Finally, the control of this innovative VVA systeisiachieved by a specific
electronic control system that contains model-baskdtegies allowing the
elaboration of the valve actuation signals accaydinthe demands of the driver
[5].

The MultiAir technology developed by Fiat is an eyde of application of
Variable Valve Actuation system.

The MultiAir technology

In the last decade, the development of the Commaih tRchnology for
Diesel engines marked a breakthrough in the passec@y 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 ®ohfuel economy and fun-
to- drive while maintaining the engine intrinsicnefort characteristics, based on
a smooth combustion process and on light strucamdscomponents.

The key parameter to control Diesel engine combnstnd 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 thexass trapped in the cylinders
is controlled by keeping the intake valves opengogistantly 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 loweake 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 actuaiah control of the intake
valves, while maintaining a constant natural ugstr@ressure.

Research on this key technology started in the tieigh when engine
electronic control technologies reached the stdgeature technologies. At the
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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 intiitngppeal 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 afjgtion) could not be fully
overcome. At this point most automotive companiesl back on the
development of the simpler, robust and well-knovatiomechanical 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 examplahaltylinders 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 tidrhulic chamber behaves
like a solid body and transmits to the intake valtiee 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 valiegspction. The final part
of the valve closing stroke is controlled by a detikd hydraulic brake, to
ensure a soft and regular landing phase in anyneraperating conditions.

Through solenoid valve opening and closing timetmdna 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 solenoidweaals opened near the end of
the cam profile, leading to early intake valve @igs(EIVC mode). This
eliminates unwanted backflow into the manifold andximizes the air mass
trapped in the cylinders. In engine part load,dblenoid valve is opened earlier
(before finishing of the cam profile) causing palrtvalve openings to control
the trapped air mass as a function of the requieglie Partial Load mode).
Alternatively the intake valves can be partiallyeapd by closing the solenoid
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valve once the mechanical cam action has alreayedt {IVO mode: Late
Intake Valve Opening). In this case the air stréatm the cylinder is faster and
results in higher in-cylinder turbulence. The lagsb actuation modes can be
combined in the same intake stroke, generating-eaed ‘M ultilift” mode,
which enhances turbulence and combustion ratergtlees loads. Figure 2.10
shows possible valve profiles using the maltitechnology.

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:

e Maximum Power is increased by up to 10% thank$éoadoption of a
power-oriented mechanical cam profile;

e Low-rpm Torque is improved by up to 15% throughleartake valve
closing strategies that maximize the air mass &dpp the cylinders;

e 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 wapnand internal
Exhaust Gas Recirculation, realized by reopenirg ithake valves
during the exhaust stroke, result in emissions ctoin ranging from
40% forHC/COto 60%forNQy;

« Constant upstream air pressure, atmospheric foralgt 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
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* 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 ajines burning light fuel
ranging from gasoline to natural gas and hydrofas, 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 principietead, fuel consumption
benefits are limited to few percentage points bseanf the low pumping losses
of Diesel engines, one of the reasons of their soipéuel economy. In the
future, power train technical evolution might beheffom 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 optichizé¢hout compromises.
Moreover the MultiAir electro-hydraulic actuator jhysically 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 motérrotation that within the
alternator is used to produce alternating electricrent (AC). Automotive
alternators use a set of diodes to convert AC to(8ifect current). A voltage
regulator makes for the voltage output from theraltor 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 generatesrilgoower for a car's on
board network exclusively in over-run and duringaking to transform the
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kinetic energy resulting from the inertia of théhigde into electrical energy that
is transferred to the battery becoming an energplss, 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 and delivered
to the wheels. Normally, the engine control systetermines the power that is
used to activate the alternator --through a totopsed model.

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 @r-avn 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 Control functions for CO2 reduction
— Intelligent Alternator Management

In modern internal combustion engines a greataratgsh of CQ emissions
is required in order to significantly reduce fuehsumption and minimize the
emissions of polluting gases, allowing them to ¥ethin the strict limits set by
current regulations. In a conventional engine adrdystem, it is not possible to
optimize the efficiency of the alternator in term$ emissions and fuel
consumption, due to a constant voltage which isogep and is not modifiable.
On the contrary, in a system capable of controltimgvoltage of the alternator,
referring to such an alternator as “smart” hereaftewould be possible to
optimize its efficiency as a function of the vehkiengine working points. This
system requires first and foremost a communicatootocol between the
alternator and engine control unit, and a spe@alssr that gets data on the
charging status of the battery.

In this chapter a management strategy is proposedregulating the
alternator regulation voltage in order to maximitzeefficiency on the basis of
the engine and vehicle conditions. This is done usyng an “Intelligent
Alternator Module (IAM)”, that communicates usirfietLIN protocol with the
Engine Control Module (ECM), and an “Intelligent tBay Sensor (IBS)”,
which provides the information about the battegt&tOf-Charge (SOC).

The main features of the management strategy are:

» switch off the alternator during tip-in manoeuvries order to
maximize the performance;

« switch off the alternator when the catalyst is ¢@d as to reduce
the emissions, and in idle conditions if the batt&OC is high
enough;

* increase the alternator load during tip-out manoesvbraking or
cut-offs, and during shut-down in order to recoviee kinetic
energy otherwise dissipated as heat in the brakes;

» control the alternator voltage regulation in steathte as a
function of battery SOC, loading it only when negde

These procedures are implemented for both GasatideDiesel Engines and
several improvements result: the average life ef ibhicle battery has been
increased and fuel consumption and emission haga keduced. In particular,
measurements done have shown that consumptionti@uuttie to the control
system described above is about 2-3% on the NED@lomation cycle.
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3.1 ALTERNATOR PRINCIPLES

In Figure 3.1 the mono-phase equivalent circuithef alternator is reported
in order to better shows the voltage and the ctiueder analysis.

Xg= Xi+Xo R

Figure 3.1Alternator circuit.

The voltage u is the output of the three-phasegerishowed in Figure 3.2.
The three-phase bridge has as output voltage {Belyignal with a frequency
pulse six times higher than the individual voltaignal in input, and having a
medium value showed in (3.2).

E(t)=v2Esedat +9) (3.1)
u_= % E 0 234(E (32)

In short, there is a constant of proportionalityween the effective value E
and the output voltage on the load u.
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Figure 3.2. Thee-phase bridge.
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By referring to Figure 3.1, the impedance 8 the parameter of the
equivalent circuit that takes into account thedwiing phenomena:
o Ohmic losses Ron the stator wrapping;
o Dispersion X of the main flow (in air or into the wrapping not
active);
o Presence of the demagnetizing armature reaction X

By analyzing the elements from which this paransetepend, it is possible

to evaluate the effect on the current output.
In (3.3), the relationship of the current outpus teported:

— ES - E N D:‘)alt W(I ecc? I phase)_ E

I O (33
2
ZO N E’{/CR +Cy B‘Je%n
In order to maintain the current 1>0, the alternaioeed has to be:
W, > E (34
alt :
¢(I ecc’ I phase) EN
With o4 low, we have:
w, locor | -E
| O alt W( ecc phase) - _k1 + k2 Bvan (35)
N Qeq
With g high, we have the maximum value for the currenegiby:
| D N [aalt [¢(I ecc! I phase)_ E - | (3 6)

2 max
N2 Qc, &,
where
o N is the number of conductors in the stator;

0 g IS the alternator rotational speed;
o0 ¢ is the magnetic flow.

By considering the battery voltage constant andrasyy N conductors, in
Figure 3.3 it can be seen the plot of the currentdunction of the angular
velocity.
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Figure 3.3. Alternator characteristic at E and N constant.

3.2 GENERAL DESCRIPTION OF SMART ALTERNATOR SYSTEM

The current state of the art of the alternatoragdtregulation consists of the
regulation of the rotational speed and currenthef dlternator in relation to an
efficiency index related to the actual working goiri the engine [1] [2]. This
solution has, as a disadvantage, that the curegmérdis on the electrical loads
and on the battery voltage. The loads are not ctialtde while the latter is only
slowly controllable. This approach may not takeiatcount in an appropriate
way the battery SOC. Therefore, the control actonot aimed at preserving
the battery life time for as long as possible.

The proposed solution consists in the regulatiothefalternator voltage on
the basis of the engine and vehicle conditionssstbanaximize its efficiency.
This is done by using an “Intelligent Alternator Mde (IAM)”, that
communicates with the Engine Control Module (ECMing the LIN protocol,
and an “Intelligent Battery Sensor (IBS)” which piges the information about
the battery SOC.

The main features of the management strategy are:

e switch off the alternator during tip-in manoeuvries order to
maximize the performance;

« switch off the alternator when the catalyst is ¢@d as to reduce
the emissions, and when it is in idle conditionth# battery SOC
is high enough;

* increase the alternator load during tip-out manoesvbraking or
cut-offs, and during shut-down in order to recotee kinetic
energy otherwise dissipated as heat in the brakes;
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e control the alternator voltage in steady-state fametion of battery
SOC, loading it only when needed.

3.3 LOGIC ARCHITECTURE
The components required to perform the above meadi@lgorithm are:

e The Intelligent Alternator Module — IAM
» The Engine Control Module — ECM

* The Body Control Module — BCM

* The Intelligent Battery Sensor — IBS

Dashboard
Battery Battery
Status Status
& &
Voltage Voltage B-CAN
Limits Limits
ECM <a Body Computer
Q ’
SAMInfo(®} SAMinfo
1AM Feedback Battery
Command |LIN & C-CAN Status IN
S Diagnosis
Alternator (7 IBS-Battery monitor

Figure 3.4Logic Architecture Scheme

The ECM manages:

* The alternator, via the LIN protocol, by sending tommand set-
points;

» The vehicle/engine conditions to identify the dniyiconditions;
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The engine conditions to establish the regulatiooltage
boundaries versus the IAM module;

The regulation range of voltage coming from the B@\dule,
comparing it to the ECM boundaries;

The transmission of diagnostic information comingni the 1AM
module.

The BCM handles:

The vehicle electrical loads (e.g. fog lights oradigghts,
windshield wipers, heated rear window) to estabtisé voltage
control range and forward it to ECM module via tGAN
protocol;

The transmission to the ECM module of the informmatabout the
battery status (SOC, voltage, current, temperatooghing from
IBS module;

The alternator warning lamp for announcing fauktwreences.

The IAM manages:

The voltage regulation, starting from the set-po@teived via LIN
from ECM;

The delivering of the feedback messages coming franalternator
(e.g. diagnostic information, operating duty cycle)

3.4 ALGORITHM DESCRIPTION
The main states of the Smart Alternator Managert®@fAM) strategy are:

PB : Passive Boost, in which the alternator is svéttioff during
tip-in manoeuvres. When a fast increase or, alteelg, a high
absolute level of torque is required, the ECM oalstthe alternator
with the voltage level as low as possible, accardim the voltage
limits imposed by the BCM module.

RB: Regenerative Braking, in which the alternatoragenerating
in braking manoeuvres. When the vehicle is dectieydbraking
or cut-off manoeuvres) the ECM controls the alteynavith the
voltage level as high as possible, according tovibigage limits
imposed by the BCM module.
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SS. Steady State, in which the Battery SOC is colgdolOutside
the above conditions, the ECM controls the voltagenaintain an
optimal SOC, chosen as a trade-off value betweelncfansumption
and battery life.

CE: Cold Engine Management, in which the alternasoswitched
on during cold conditions in order to increase émgine load for
quickening the catalyst light-off phase.

CRK: Cranking Management, in which the 1AM is managdedng
engine crank or automatic re-start (for Stop & Sfkaiture). During
the cranking phase, depending on the engine speedstarting
sub-phases are defined in which the set-point gelt&gulation is
kept low at first, in order to facilitate the engispeed rising, and
then is increased (with ramp law) to a high valoerder to reduce
the engine speed overshoot in the post-crankingsephaithout
compromising the FEAD (Front End Accessory Drivegjstem
performance.

SHUTOFF: Shutoff Management, in which the IAM is managed
during engine shutdown (either manually from thevetr or
automatically from a Stop & Start strategy). Durigag engine shut
down the ECM module controls the alternator with Woltage level
as high as possible, according to the limits impgoby BCM
module, in order to increase engine load for reuyicengine
bouncing during shutdown and quickening the whoémeuver.

QC: Quick Charge, when the SOC is too low, it's regdithat the
alternator is set to the highest possible voltagesll in order to
quicken recharges the battery.

NP: Normal Production, in which the IAM is set in tlase of
recovery. In the case of fault occurrences in thstesn (either
components or communication lines), the ECM contrthe
alternator with typical voltage set-points of cuntrgproductions
(usually with values between 13.5V and 14.5V).
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Figure 3.5 State flow diagram of Smart Alternator Management

In PB, RB, QC states, two controls are applied BME one in open-loop,
used to calculate the target voltage set-point@relin closed-loop based on a
filtered battery voltage signal, where the instaptaus noise on the IBS

measurement is reduced.

Vobj ) Verr Pl |-A- Vreg
) M imit
Vhat Vbat_fit
——»| Filter

Figure 3.6Voltage Battery Control Scheme in PB, RB, QC IAMtas
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The first alternator control algorithm, used in $as Boost state, is in
charge to determine the target voltagg;\through the following steps:

» compute the ¥cwm;, voltage, that is related to the vehicle electronic
equipment rotating with the internal combustion ieag e.g. the
engine cooling fan assembly rotating to a prese¢dp

 compute the Ylpy Vvoltage, which is related to the current
generation of the electrical battery.

VECMi, corresponds to a minimum preset alternator voltelgieh is enough
to supply the active electronic equipment on thhiale; the voltage Wlpa)
basically corresponds to a minimum predetermindthge necessary to prevent
an excessive battery current draining during tleetatal supply. This term has
been studied in order to guarantee a safety mamitaf the battery.

The Figure 3.7 shows the Alternator position aratuee in the vehicle, and
how the electrical loads are represented.

Gearbox

Starter I:'__

7 -
Alternator Battery 1 Electrical
- loads

Figure 3.7Alternator feature scheme.

The first alternator control algorithm, as showedFigure 3.9, starts to
define V., which establishes the lower voltage limit of th&Nb strategy, as
defined below:

Vobj = MaxX(Mui,. » Vecw,, ’Vl(l bat_meas)) (3.7)
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Where:

0 VwmNp is the minimum value of the supply voltage range
AVIimit(V minp, VMAXp) that takes into account the electrical
vehicle load status, and it is determined by thdybmomputer;

0 VEcwm;y is the minimum alternator voltage which is enotgh
supply the active equipment on the vehicle;

0 Vi(lya isthe minimum voltage that allows to don’t ruomeh
the battery.

Next, the regulation voltage,y is determined through the PI regulation
system. In the Figure 3.8 the generic PID schemepisrted:

> Kp —l
E(s) —@—» f—;— U (s)
s Tr
> sKpTh

Figure 3.8Generic PID scheme.

_ 1 _
U(s)=K, EE1+S—TI+3TDJEE(S) (3.8)

This control has to be discretized in order to implemented on a ECU
algorithm, by using ZOH method. So the discretiPéd becomes:

u(z?)=K, [E1+ : EQE ) +T, (1_TZ_1)J E(z) (3.9)

S

Once the target voltage.y has been calculated, the voltage regulation
control system consists of the following steps:

1) compute the error signalyyas:

Verr =Vobj = Voar_ it (3.10)
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where:
0 Vgyis the target voltage;
0 Vypa sitis the filtered battery voltage.

2) define the regulation voltage . as reported in the block scheme of
figure 3.3:

TS
Vg =V + Kp 1+ T)T = j v, (3.11)
|

The battery voltage decreasing during Passive Bpbate can lead to an
engine friction decrease, causing a fuel consumpial emission reduction.

Passive Boost Upper limit
Syst. running calculation

V,, =MAX(VMIN,, VECM, V1(l,,,)

Voh F Verr F
VECIm el »+() P = Vr&.

A limit

Vehicle
loads ON —*

Ibat_meas Filter Vhat it
A eas o

V1(lbat_meas)

mma=

AVIimit(VMIN_ VMAX_ ) I Vhat_meas

| VMIN,

Figure 3.9First Alternator Control algorithm scheme.

The second alternator control algorithm, used igeRerative Braking and
Quick Charge states, is used to determine thettaoji&ge W, as a function of
the following parameters: thee¥w,, voltage related to the action of vehicular
electronic devices; the Uua mea} related to battery currentpsd meas the
V,(en_sp) voltage related to rotational engine sgeedp

The Vx(en_sp) voltage corresponds to the minimum voltagkie which
limits the braking torque variation caused by theraator electrical friction in
order to guarantee the benefit due to gradual itians for the engine from the
nominal to the idle condition, in which the intekm@mbustion engine has the
rotational engine speed fixed to the minimum valse, as to improve the
vehicle driveability.

The second control alternator algorithm, as shoiwdelgure 3.10, computes
the target voltage ; defining the lower limit as showed in (3.12)
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Vyp = MIN MAX.» WV,

where:

ECMy, ’Vl(l bat_meas)’VZ (en— Sp))

(3.12)

0 Vwmaxp is the maximum value of the supply voltage range

AVIimit(V minp, VMAXp) that takes into account the electrical

vehicle load status and it is determined by theylmminputer;

0 VEcwm;y is the minimum alternator voltage which is enotgh
supply the active equipment on the vehicle;

o0 Vy(lyy isthe minimum voltage that allows the battet@s

not run down;

0 Vy(en_sp) is a minimum value of voltage that allowe t

limitation of the engine braking torque. It is usiedorder to
improve the vehicle driveability.

The second alternator control algorithm definesttlrget voltage ,; when

the vehicle is in deceleration mode, which is thghést possible value
according with the limits coming from the activeeettical loads and from the
battery state of charge. The battery voltage irgingacan lead to an engine
friction increase, causing from one side an engémgue reduction during the

deceleration phase and, on the other side, therjpdife time improvement.

After the target voltage computation.y/ the second alternator control

algorithm calculates the alternator regulation agdt V., through the control

system (closed loop and open loop) showed in Ei§utO.

Syst. running
2ysL e, .
Lower limit

Reg. calculation

Braking
V,, SMIn(VMAX_, VECM, V1(l,, ) V2(1,,))

Vehicle .
loads ON > [»| VEClim

Ibat_meas
_— b V1 (Ibat_meas)

AViimit
(VMIN, VMAX ) [ —

VMAX,

e L1 Llvoen_sp)

+ Verr
VDhj ~

Vieg

Filter Vhat_filt

I Vbatimeas

Pl

O—

limit

Figure 3.10Second Alternator Control Algorithm scheme
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According to Figures 3.9 and 3.10, the filteringpdi could be a Moving
Average low pass filter, configured in order toa®e as an input the battery
voltage s meas,@and remove from it the high frequency contentsouhticed by
IBS sensor, providing in output the filtered bagtevoltage Vg s This
technique assures the smoothing of the signallateits, in a window of 2N+1
size:

1 Vbat meas(i + N)+Vbat meas(i + N _1)+
= - - (3.13)

BT VN )

The PI controller is realized as described in)(3T®e open-loop rate assures
a more gradual regulation of voltagg.y/ together with no over- and under
shooting and null errors in steady state. Fromdther hand, the closed-loop
rate assures the recovery of any loss or loadb®electrical system consisting
of the electric battery and the alternator.

Afterwards, a gradient limiter has been introdu@edrder to guarantee a
slow variation of the target voltage for the altor command. The slew rate
can be a tuning parameter.

In the third alternator control procedure, usedsieady state outside the
conditions described above, the engine control rneodkgulates the voltage.y
in order to ensure an optimal State Of Charge. algerithm includes the step
of determining the regulation voltage.yas a function of the\SOC error
defined as:

ASOC=SOC_o0bj-SOC_meas (3.14)

where
0 SOC_objis the battery state of charge target
0 SOC_meas is the state of charge measured by IB®rsen
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Figure 3.11Third Alternator Control Algorithm scheme

With reference to Figure 3.11, the engine controt is configured so as to

determine the target battery state of charge SOCaauording to a set of data:
the engine speeeh_sp the vehicle speedh_sp the internal combustion engine
torqueload_vand the ambient temperatues outside the electric battery. For
this purpose, the electronic control unit can datee the target battery state of
charge SOC_obj through the following function:

SOC_obj=K + f,(vn_sp)+ f,(en_sp)+ f,(load_v)+ f,(teg (3.5

where:

o K is a constant predetermined, which representsddsired SOC

value to guarantee an optimal battery efficiency;

o fi(vn_sp) is a function that defines a value indi@tbf a loading
state to variation of vehicle speed, e.g. at highicle speed the
target SOC could be reduced to storage betterrtége in the next
regenerative braking;

o fy(en_sp) is a function that defines a value indieatbf the

alternator charging efficiency depending on theimmgpeed;

o fy(load_v) is a function that defines a value inditof the
alternator charging efficiency depending on theimmgombustion

efficiency;

o f,(tes) is a function that defines an indicative eatif battery SOC

when the external temperature of the battery clange
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The purpose of the third control algorithm is thatallow the battery to
reach an optimal SOC, along with the minimizatidrttee current crossing the
battery.

Once the target battery SOC has been defined, ¢mrot algorithm
consists in two control loops: the outer loop isdxh on the battery SOC
feedback, used in order to reach the target SOGndra relative small error
band. The inner loop is instead based on the patiarent feedback so as to
limit the battery current draining. The overall tmh scheme is described in the
following picture:

> Integral term
+ saturation

|_obj

( I_obj
—

2%  ASOC

AVreg
28 Al_obj

SOC_mis |_Batt_mis

Figure 3.12Third Alternator Control Algorithm Simulink scheme

According to Figure 3.11, the current target |_isbfletermined as a linear
function of SOC erronSOC, with a 2% dead band with respect to the ndmina
SOC, limited to a maximum current value equal t@586 of the maximum
alternator capacity. The compensator block is cuméd so as to receive as
input the charge erroASOC and the current targejy;l and provides as an
output the compensation factor ICS referred toctireent target.

The compensator block is active when the followgngdition is satisfied:

1. the absolute value of current target|l is lower than a
predetermined threshold max_drift correlated witlsgible current
losses into the measurement chain;

2. the absolute value of charge erraBQC| is greater than a given
minimum error.

Then, the compensator block is configured so am#wantee that the current
losses on the measurement chain are compensatetthiebgommand ICS,
avoiding the steady error in the charge e&x80C.

The additional block provides the current targabenl,, computed as
follows:

AIObj = Iobj +ICS - Ibat_meas (3.16)

The computation block, receives the current tasgetr Aly,; and generates a
voltage variatiomV 4through the function:
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AV, = fg(al,) (3.17)

In the example shown in Figure 3.11, the functigf\f.y) is stepwise and
defined as:

‘ﬂ."l."'

0,2V
0,1V

-Alobj, -Alobj,

; »
-Alobj, -Alobj, Alobj

Figure 3.13Voltage Variation function

In this example, |VR1| is equal to 0.1V, |VR2| édoa0.2V, |Alg|=2A,
|Al opiz| =4A.

In the fourth alternator control algorithm, thatused when the SOC is too
low (Quick Charge Status), the engine control waduires a relatively high
regulation voltage ¥q to the alternator, e.g. as high as 105% of theimaim
battery voltage.

During the cranking phases, depending on the engpeeden_sp the
engine control unit defines two cranking sub-pha$és regulation voltage ¥
is low in the first sub-phase, in order to favoairihe engine speed increment.
Then is set to a high value (in the second subg)hisorder to reduce the
engine speed overshoot during post-cranking ptageneans of an opportune
calibration process it is possible to achieve défe alternator behaviours, such
as “hard attacks” (step turn on) or “soft attacgimp turn on).

The engine control unit could be also configuredetecute the third
algorithm for a predetermined time interval (tygig&ach two months), named
“Battery Regeneration” cycle, in such a way theralator is forced to provide a
target voltage sufficient to recharge the battgryai95% of its maximal charge,
reducing the so-called “memory effect” and assudrgnger life to the electric
battery. The battery regeneration cycle is configuto recharge completely the
battery for a calibratable time (usually about doifs).
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3.5 EXPERIMENTAL RESULTS AND CONCLUSIONS

The main goal of the smart alternator control atpars is to reduce the
emissions level when such a smart unit equips radata car. To characterize
and objectivise this feature, statistic measurembave been undertaken, with
and without this new strategy enabled. Two différgpes of test cycles have
been considered.

Client-oriented cycle
This driving cycle follows a pre-defined test ptefior uses the standard
NEDC (New European Driving Cycle) profile. It stafly using a battery state
of charge equal to the target SOC value. This rgstesents approximately a
typical driving behaviour in urban and extra-urtraad and it is useful to test
the effects of different calibrations and/or thegance of new components on
driveability and fuel consumption.
In order to validate the GQemissions, the following criteria have been
assured:
« the electrical vehicle loads (such as high beamnog lights,
infotainment systems, etc.) must be the same dm @adte;
» the SOC value at the end of the test must be serfiy close to the
initial SOC value (maximum error: 1%). In the cadfetoo high
SOC reduction, in fact, a further consumption/emisgeduction
could be measured because part of the energy neéated
performing the cycle should already be drainedheyttattery.

Homologation cycle

This test starts with a completely charged bat8®C > 98%). CQ
emission measurements was done during a standarBbCNEycle for
homologation purposes. During the test, the SOCedses of some percentage
points, assuring the correct control strategy dpmra

At the end of the test, it has to be checked thatalternator command
average duty-cycle has been sufficiently low (s 10%), except during gas
pedal cut-off and braking phases.

In Figure 3.14 and Figure 3.15, two examples of afsthe SAM strategy
have been reported, both referring to client-ogdntycles performed on a
NEDC cycle. The used prototype car was a Lancia N&wilon vehicle
equipped with 0.91 TwinAir 85hp turbocharged gaselengine.

A brief description of the plotted variables is oejed below:
e The red line represents the engine speed
e The yellow line represents the battery SOC
* The red line represents the vehicle speed
* The white line represents the SAM state machinesta
» The highlighted yellow line represents the tardtetraator voltage
* The blue line represents the measured batterygelta

44



SAML_WSAM_MAX
o

c

Il

The purple lines represents the min/max battertagel limits
The orange line represents the measured battemyntur

Dat v

|“F al

] =] 700 750
Time s
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Figure 3.15Extra-urban cycle example diwinAir gasoline engine

The performed tests have shown a correct operatiche SAM strategy
operation and the achievement of the target pedoo®, expressed in terms of:
» target alternator voltage smoothness, which guaesnan optimal
FEAD performance together with “fun to drive” fewdi
e target tracking of the battery voltage;
e battery life time improvement;
* engine friction torque reduction, which guarantesfurther
improvement on the engine driving performance;
» fuel consumption reduction, assured by a 2% redncin CQ
emission.
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Chapter 4 Control functions for performance
improvement — Drive Off Algorithm

One of the most critical operations in powertragthe drive off manouver,
consisting of connecting the engine shaft to theetine through the clutch. For
this reason, a dedicated control algorithm existshie engine control unit to
deal with this manouver which should be executeith whie highest efficiency
possible, i.e. without requiring high fuel consuiopt

In this chapter a novel algorithm that improves thive off performance
without increasing fuel consumption is presented.

4.1 INTRODUCTION

The drive off is defined as the maneuver in which the engine ted
driveline are mechanically coupled, through therapen of the clutch, in order
to transmit the torque to the wheels.

When an internal combustion engine (ICE) is uskd,intrinsic inability to
generate torque at low speeds could create badhility feelings to the driver,
due to engine stalls, engagement of shock phenooregriagine speed falls.

Moreover, in the last years the carmakers have thaeward the use of
downsized engines to improve the fuel economy, cedhe emission and the
production costs. Despite the use of over-booshnelogy, if an engine is
downsized the power that it can produce at low magipeeds is still reduced
worsening thedrive off manoeuvre, that is one of the most important fiar t
customer satisfaction.

In manual transmission automobiles, tireve offis much more critical due
to the inability of the engine control unit (ECW) tontrol the actuation of the
clutch.

Other aspects that negatively affectsdhige offmaneuver are:

e unavoidable dispersion between the pedal positiod the actual
position of the clutch plates

e backlash of the accelerator pedal

» increase of vehicle weight and of the road loa;uphill road

*  clutch wear

The aim of this algorithm is to address customeoshplaints in situations of
uncomfortabledrive off manoeuvres. The number of these complaints isgisi
on manual transmission vehicles equipped with dizedsengines.

This innovative control algorithm, termed DOMA (Bei off Management
Algorithm, DoMA), will be shown to be able to compéth all the difficulties
presented above. The main goal of DoOMA is to redheeoccurrences of engine
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stalls and avoid the engagement shock phenomenagdtine drive off
manoeuvres.

To achieve its goals, DOMA recognizes the stara affive off maneuver, it
raises the engine speed in order to increase thiable engine torque before
the coupling phase, increases the authority of sgheed controller to manage
the growing total inertia during coupling phase ,aatl the end, it smoothly
reduces its action to avoid the engagement of shock

DoMA has been firstly tested in simulation enviramh
(MATLAB/Simulink) on a simplified powertrain modeThen, it has then been
tested on a vehicle using a Rapid Control Prototymnvironment (RCP). In
both cases DoMA has shown a good performance, roosdi by objective
measurements and drivers evaluations.

4.2 DRIVE OFF IMPROVEMENT REASONS

The drive off manoeuvre is generally critical due to the engimensic
inability to generate torque at low operating speetdhis aspect is more
amplified if combined with low-size vehicles, clhtdisk and gas pedal aging: it
means that the drivability is not comfortable irbam cycles and unfriendly
engine stall events occur very frequently.

Especially in manual transmission vehicles, thedpess of the drive off is
strictly linked the way the driver releases thetatupedal. In any cases, the
coupling clutch is a disturbance effect for theiaagdifficult to manage.

The actually implemented control strategies areats to correctly manage
the vehicle drive off in all kind of driving scemarand this is the cause of the
rising number of customers’ complaints.

In the following Figure 4.1, an example of the drivff maneuver performed
on a FIAT Lancia Musa normal production is shown.
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Figure 4.1Example of drive off manoeuvre.

Analyzing Fig. 4.1 it is possible to identify tlerdifferent phases:

1. The clutch plates are creeping, the amount of thgine torque
transmitted to the clutch is lower then the stdtiction and is
dissipated as heat. During this phase, the velgciationary and the
clutch plates are worn. The static friction affettte engine behavior.
So the engine speed decreases.

2. The engine torque is greater than the static émctiSo the passive
torque imposed on the engine decreases. As a thsulehicle starts to
move and the engine speed increases. The clutdiespkre not
completely coupled during phase 2. The engine spreed depends on
the clutch slip rate and on the way the pedal hliganoved.

3. The clutch is completely coupled, the clutch plajeseds are equal. As
soon as the clutch plates are coupled completéltheavehicle inertia
is instantaneously applied to the engine, caugirgsecond engine fall.
This phenomenon is called thkagagement shock

At the end of the phase 3 the drive off maneuverhz considered finished,
the engine shaft and the transmission shaft arepletely coupled and the
engine has reached the target speed correspondingpet vehicle speed,
depending on the driveline transmission ratio.

Looking at the engine torque depictedHigure 4.1 it is also possible to
notice that the control logic attempts to prevdm engine speed falls during
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phase 1 and phase 3, using all the available torjuthese engine speeds, the
maximum torque available is not enough to avoid émgine speed falls.
Moreover, the greater the engine speed fall, theetahe torque available and
so an engine stall can occur.

4.3 VEHICLE EQUIPPEMENT

The aim of this section is to describe the vehs#@sors and the related
information needed for implementing the DOMA cohsategy.

The vehicle configuration described below coulddadled ‘full optional
configuratiorf : DoOMA can reach the maximum performance with it.

DoMA is also able to work with a different vehiatenfiguration: fow cost
configuratiorf, with reduced performance.

In Figure 4.2 the position of the sensors is depict

Figure 4.2Vehicle interface configuration.

1. pedals
a. double clutch switch sensor. The engine control uf®dECM)
receives the internal signautchSwitchandExtendedClutcland
generates the internal variable CLUTCH_POSITIONOofwing
the table below

ClutchSwitch (Top | ExtendedClutch CLUTCH_POSITION
Travel)
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Not Active Not Active HIGH

Active Not Active MIDDLE

Active Active LOW

The following Figure 4.3 represents the configunatof double switches in
the case of pedal clutch completely pressed.

PIN 2 (extended travel signal)
PIN 3 (top travel signal)

Figure 4.3Completely pressed pedal clutch configuration

PIN 1 (power supply +15)

Only one switch is present in the caselofv' cost configuratioh.
b. brake sensor
c. accelerator pedal potentiometer sensor
2. gear shift
a. neutral sensor. It gives the information of thetrewear. It is not
present in alow cost configuratioh
3. engine
a. engine speed sensor
4. brake control module
a. vehicle speed sensor
b. accelerometer. It gives the information about tgltudinal and
transversal vehicle acceleration. It is not presana ‘low cost
configuratiorf.

DoMA does not require any particular sensors ouatotrs. All the devices
shown in Figure 4.2 are available on most of th&TFstandard vehicles.

4.4 THE DRIVE OFF MANAGEMENT ALGORITHM

The Drive off management algorithm is presentediétails. In the first
paragraph the general principles of DoMA are oatlinin the second part, a
more deep analysis of the architectural detail®@fA is undertaken in order
to show how it combines with the existing enginatodl unit software.
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4.4.1 DOMA GENERAL PRINCIPLES

In the drive off manoeuvre the clutch plates of trensmission line are
coupled in order to transmit the engine torquéntottansmission shaft and, as a
consequence, to the wheels.

When the clutch plates are not coupled, the drieeis open, and no engine
torque is transmitted to the transmission. It methas no external load would
affect the engine when the clutch plates are open.

The drive off maneuver can be expressed by theviiatig torque balance:

Tengine:(R I:)Midle) :Tint ernaI(RP Midle) +Tengine (| engine Cé)engim) +Tvehicle(()

losses inertial (4.1)

dRPM
— >
dJ

d Ssvehicle>0
ds

0

where,
*  Tenginel(RPMuye) is the engine torque at idle;

* T intemal_lossed RPMgie) are the engine thermodynamic and mechanical
losses;

* T engine_inertial(lengine Wenging iS the torque related to the engine inertial
mass dngne@nd to the engine acceleratioinging

*  SsvenicleiS the vehicle speed,;
 RPMiis the engine speed;
e 0is crankshaft angle;

e TuniadQ) is the torque absorbed by the clutch. It depemdthe clutch
slip rate(;
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» (= 0~ the clutch plates are not coupled; no torque sodied by
the clutch Tepicd(=0)=0

» 0<{ <1- the clutch plates are slipping; part of the endorgue
is transmitted to the clutch. Its value dependy oni{

» (=1-> the clutch plates are completely closed:

d .
T %eer}itic;e(C =)= Vehic|e[-l%e T slope 2

where Topeis the torque that depends on the road gradient.

In manual transmission vehicles, the amount ofcbluglip rate{ depends

on the position of the clutch pedal moved by thesedr and so it is not
controllable electronically. If the drive off manar is completely performed,
the slip rate value goes progressively from 0 to 1.

Manipulating equations (4.1) and (4.2) and negtecthe road gradient, it is
found that:

. . 4.3
Tengine(RPMidle) —Ti(n)lsggr;al(RPMidle) = | engineQLengine+ I vehicle(() |1‘»vehicle ( )

T engine

effective

Where
*  Tengine_efieciivdS the mechanical engine torque without friction;
*  Ovenicle IS the vehicle acceleration reduced as rotatispakd on the
transmission shaft;
*  lyenadQ) is the part of the vehicle inertia imposed on #mgine
during the drive off maneuver depending on the iip.

At the end of the drive off maneuver when the diyptates are completely
coupled:
° C,:l
* W engine = Wyehicle 20 engine= Ovehicle = ®

*  lyenice ((F1)=kenice = all the vehicle inertia is imposed to the
engine
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For this reason equation (4.3) becomes:

Tgfnfgicr;ﬁ/e: 2z [(I engine+ | vehickc) (4.9
_

I equivalent

where LquvaiendS the inertia of the system engine and vehicle.

From equation (4.3) and (4.4) it is clear that dgrthe drive off maneuver
the inertia imposed on the engine grows from thlg engine inertia to the sum
of the engine and the vehicle inertia dependintherclutch slip rate value.

4.4.2 RECOGNITION OF DRIVE OFF MANEUVRE

The first task that DOMA has to perform is to rexizg the desire of the
driver to drive off the vehicle. DoOMA will processfferent signals coming from
vehicle sensors, see paragraph 4.3.

A drive off manoeuvre is recognized if:

1. the vehicle runs below a tuneable speed thresAdd)

2. the neutral sensor logic responsegdsdr shift not in neutrdl It means
that a gear is selected, AND

3. the extended clutch pedal switch is closed, seer€ig.3. It means that
the clutch pedal is moving from bottom to top, AND

4. the brake pedal is not pressed

When all of the abovenable conditionsre verified by a tuneable time the
driver desire in driving off the vehicle is recogad by DoMA.

Once DoMA recognizes a drive off manoeuvre, all thive off support
strategiesare armed, as described in the next paragraph.

DoMA will disarm thedrive off support strategie&

» the vehicle runs over the creeping speed in firsarg(drive off
completed)
» the clutch pedal is pressed again (change of mind)

4.4.3 DRIVE OFF SUPPORT STRATEGIES

When the driver desire in driving off the vehicterecognized, DoMA will
take different actions:
» calculating a particular engine speed target shape
* increasing the engine reserve torque by properbngimg the spark
advance angle (only in the case of gasoline engines
* increasing the engine speed controller gain depgndn the growing
equivalent system inertia
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Engine Speed Target Calculation

As outlined in paragraph.4.1, during the drive off manoeuvre, the engine
torque has to grow in order to cope with the graotal inertia to maintain the
engine speed above the stall limit.

At low operating speed the amount of torque thdrengs able to produce is
not always sufficient to correctly support the \@didrive off manoeuvre. The
only way to increase the ability of the engine tmduce torque is that of
increasing the engine speed. It means to move tiggne operating point
towards the right side of the engine torque shagefigure 4.4.

250

20l ', T

150

T==tml

00

engine torque [Nm]

s Fi IDLE REGION

0 1000 200 3000 i s000 [ Tonn

engine speed [rpm]

Figure 4.4Example of engine maximum performance curve

An ideal engine speed target is calculated by DoNtAcomes from a
balance of momentum between the engine and theleehi

The results is an ideal engine speed target thatdvalways avoid engine
stall even in the case of instantaneous clutch laayp

In the following steps, the calculus of momenturtabee is described:

des_vehic_speedtau
wheel rad

vehic_eq_speed= [conv_ fact (4.5)

_vehic_mass[wheel _rad?

vehic _eq_inertia 5
tau

(4.6)
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momentumobj=vehic_eq_speed(vehic_eq_inertia+eng_inertia) (4.7)

vehic_speedtau

vehic_momentuns Vehic_eq_inertialtonv_fact_ 1 (4.8)

wheel rad?

rpm_obj = momentum obj —_vehl_c_momentum (4.9)
eng_inertia

where,

» des_vehic_speed desired vehicle speed at the end of the drife of
maneuver (dependent on gas pedal pressed percenfiageh]

» vehic_speed measured vehicle speed [km/h]

. vehic_zeq_inertia: equivalent vehicle inertia at the transmissibaft
[kg*m?]

» vehic_eq_speed desired angular vehicle speed at the end ofitive
off [rpm]

» vehic_mass vehicle mass [kg]

» vehic_momentum instantaneous vehicle momentum [kg*m/s]

* wheel_rad= wheel radius [m]

e tau=transmission ratio

« eng_inertia= engine inertia [kg*rf]

* momentum_obf target engine momentum needed to achieve the
desired vehicle speed at the end of the drivekaffrp/s]

e conv_fact= conversion factor rad/® rpm

e conv_fact_1= conversion factor kmrm/s

* rpm_obj= drive off target engine speed [rpm]

On the other hand, a significant increase in engipeed could give bad
feeling to the driver in terms of safety and noigerations harshness (NVH) of
the vehicle. The engine speed target during theedsff manoeuvre has to be a
trade-off between performance, safety, noisy abdation.

For this reason, DoMA is able to split the totagjiee speed increments and
hide them following drive actions, supporting thevdr in the same way as
assistance is provided by an automatic gearbopalticular, when a drive off
manoeuvre is recognized, the engine speed targatdslated in 4 stages:

1. drive off manoeuvre recognizee> first idle engine speed target
increases;

2. accelerator pedal slightly pressed second idle engine speed target
increases: it is useful to reduce the electricalddzone of the gas pedal
sensor, because, due to the electric charactenstihe accelerator
pedal, this action can cause a steep step as toptlie ECU and
consequently a bad feeling to the driver;
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3. when the vehicle longitudinal acceleration is geedhen a threshold
-> third idle engine speed target increases
4. at the end of the drive off manoeuvre the engireedparget becomes
the ideal engine speed coming from balance of méunen
The target engine speed elaborated by DoMA is aaily during drive off.
Also saturation of the engine speed value is ugeddfety reasons.

Spark Advance Regulation

Only for the gasoline engines, the total amounemdine torque generally
depends on the aspired air quantity (slow dynamig) on the spark advance
(fast dynamic). It means that an increment of thgirge torque can be achieved
by introducing more air in the cylinders or movithg spark advance toward its
optimum value (MBT).

In order to better manage sudden demands of insleasgine torques
during drive off manoeuvres, as soon as the drifésarecognized, DoMA is
instructed to reduce the ignition timing efficienSo the potential ability of the
engine to produce fast torques grows and a suddejué request can be
satisfied, moving again the spark advance towaedMBT point, see Figure 4.5

T T T T T T T

A Nominal spark advance at
A idle
i

B.  Reduced speark advance
MBT

1. Drive off is recognized

High torque increase
requested

-20 =18 -1
Igmition angle [deg]

Figure 4.5 DoMA ignition timing management

Engine Speed Controller Authority Improving

During the drive off manoeuvre, the target engipeesl calculated by
DoMA is the input to the idle speed controller (]SGSC calculates the engine
torque needed to maintain the engine speed equtletalrive off target. In
current engine control strategies, the gains of KBE controller are kept
constant during the overall drive off manoeuvreheit taking into account the
increment of the engine torque absorbed by theleliboMA has improved this
weakness by calculating the ISC proportional patamas a function of the
vehicle acceleration. The vehicle acceleration isoasequence of the engine
torque transmitted through the clutch and so a gmsidnator of it.

57



vehicle speed

clutch signal Ieniti e drive off spark
Drive off Drive off recognized 1ZNIHON TMING | oy once
i " o
neutral signal | recoenition Mana__emem
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vehicle acceleration
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Figure 4.6DoMA working scheme

4.5 EXPERIMEENTAL RESULTS

DoMA has been firstly tested in a simulation enmirent
(MATLAB/Simulink) on a simplified powertrain model; has then been tested
on a vehicle using a Rapid Control Prototyping emvinent (RCP).

Rapid Control Prototype (RCP) development processseful to reduce and
assure control algorithm robustness, because R{@Wwsalone to test novel
control concepts and strategies directly on asgalem (i.e. vehicle, engine) in
advance to the SW release time.

The introduction of DoMA functionalities as suppddr the drive off
manoeuvres, increases automatically the enginedspee the delivered torque.
It has an impact on the drive off drivers’ feelingsthat they experienced an
increased torque availability and a reduced engagéwf shocks. In particular,
slightly skilled drivers experience an effectivepport in the drive off
manoeuvre while skilled drivers experience an iaseg driveability and fun to
drive.

Different manoeuvres performed in a rapid contnatgtyping framework
on a FIAT Lancia Musa normal production are showlot, in Figure 4.7.

Figure 4.7 shows four manoeuvres: on the left twivedoff manoeuvres
performed with DoMA; on the right two drive off maeuvres performed
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without DoMA. Both manoeuvres were performed withoaressing the
accelerator pedal.

m— Clutch Status = Llaximum engine torque = Enginetorque - ldeal engine speed

= Engine speed target s Engine speed - \lchicle acceleration = \lehicle speed

Figure 4.7 Comparison of manoeuvres with and without the Daggrithm.

In Figure 4.7 an assessment of the performancenglsta@an be valuated:

o In the manoeuvres on the left, the engine torghe ftue signal)
required during the take off increases until to thaximum
possible engine torque (the red signal), on thatrthe torque is
smoother;

o The undershoots of the engine speed (the burguigtgal¥ in the
manoeuvres with DoMa are lower than the undershioafse same
manoeuvres without it;

o0 The longitudinal acceleration (the black signalltiie manoeuvres
with DoMa is lower than the acceleration in the samanoeuvres
without it. This means that a more driving comfierassured under
DoMa,;

This showed performance improvement has been coefirby a good SAE
evaluation (grade 7 out of 10 for the take off parfed with DoMa, in stead off
grade 6 out of 10 without this).

4.6 CONCLUSIONS

A novel control algorithm that manages the drivero&dnoeuvre on manual
transmission vehicles has been presented. Thenaligoncept has been tested
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and validated using Software In the Loop and Ra@mhtrol Prototyping
environments. DOMA has shown good performancelimahoeuvres.

The drive off performed with DoMA have shown a retilon of maximum
vehicle acceleration value, a smaller engine sgeksland a lower number of
engine stall occurrences. This algorithm has besented and will equip all
new FIAT passenger vehicles starting fall 2011.
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Chapter 5 Control function for performance
improvement — Spark Advance Algorithm

In this chapter a new algorithm for the calculatminthe spark advance in
engines equipped with Variable Valve Actuation tealbgy will be described.

A general purpose, model based, software developmethodology has
been used in order to assist control engineershen development of the
algorithm and in performing parameters calibratioet best fit the experimental
data. The use of this calibration methodology,yfdéscribed in next chapter 6,
has been integrated here with the control algorithemelopment process, in
order to accelerate, simplify and improve the whaabbration process.

High performance and fun-to-drive are then assudesy to an optimum
spark advance strategy attuated according to apnegted map giving the best
spark advance angle for each engine working point.

5.1 SPARK ADVANCE ALGORITHM

The torque supplied by the engine is estimated &ipgumainly engine
speed, air inlet efficiency, valve lift profiles drspark advance. In an engine
without the VVA, the algorithm uses only two mapgiaone vector (see Figure
51):

T BB ew Feed Tooh Wid Feb

DeE8 kA /s BED DEES kA2, B2ED
uc

-

Some 0 61492

Torque
>
Praduli

' ) 2 40 @0 o 1w L 40
Spark Advance Osservali

Figure 5.1 Spark Advance algorithm maps.
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1. MTA(speed, eta), called the maximum torque adeamnap: it
describes, for each engine speed - air inlet efficy point, the spark advance
that maximizes the torque. If the detonation ocduefore reaching the real
maximum, an extrapolated value is used to begidia. In Figure 5.2 the red
triangles x-coordinate represent the maximum tarque

2. MT(speed, eta), called the maximum torque mapdeiscribes the
indicated torque measured at the maximum torquaradh/ In Figure 5.2 it is
the red triangles y-coordinate.

3. UC(advance - MTA(speed, eta)), called the uniqueve: it describes
how the distance between the spark advance andnghé&mum torque spark
advance reduces the torque. Its output is 1 ifrtpat is 0. The output decreases
while the input difference increases. It is venmyigr to a parabolic curve and it
has the property to fit well the experimental datthe equation

TORQUE= MT (speedeta) WC(advance- MTA(speedeta)) (5.1)

where:

speeds the engine speed

etais the air inlet efficiency

advances the actuated spark advance

Torgue [Im]

Spark Advance [7]

Figure 5.2Torque interface.
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In engines equipped with the VVA technology, thigoaithm implies one
map and four vectors in Full Lift mode. Generallyspark advance map is a
two-dimensional map dataset consisting of two \deis such as engine speed
and load.

Rpm fixed

Advance

Figure 5.3Advance vs Manifold Pressure at Rpm fixed for difg air inlet
load.

In EIVC or LIVO mode, at fixed speed and load, fpark advance depends
also on the manifold pressure (Figure 5.3). A highessure implies a lower
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.

Figure 5.3 shows, in the EIVC mode, the spark adeatmend versus the
manifold pressure at fixed speeds, for some vadfidlse air inlet efficiency (the
values have been omitted for confidentiality rea3oiherefore, while in Full
Lift mode, is yet valid that Advance = f(Speed, tpan VVA mode it has to be
considered the dependency from pressure:

Advance= f(SpeedLoad, Manifold Pressuré (5.2
The multi map optimization tool has allowed one toanage the
phenomenon, and different proposed algorithms hbeen automatically

calibrated and compared in a short time.
Fig.5.4 shows the algorithm with the best perforogan
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Figure 5.4Spark advance algorithm.

In EIVC or LIVO mode, the spark advance is caloeghts the sum of the
spark advance in FL mode and the correction for \AyAtems. This correction
is the weighted average between the FL spark advand the reference angle
spark advance. The weight factor map is functiontltd speed and the
EIVC\LIVO-FL Distancecalculated as follow:

CurrentEIVC\LIVO Angle-MinAngleRd (5 3)
MaxAngleRé - MinAngleRé

EIVC\LIVO - FLDistance=

MinAngleRefis the minimum realizable cam angle for each mosdeie
MaxAngleReis the maximum early closure angle for EIVC and thaximum
late opening angle for LIVO on the cam profile (g 5.5).

64



A - FULLLIFT
B
EARLY o
CLOSING
3 - LATE OPENING
ﬁCrarﬂcﬁm\gle\
Max LIVO Angle Max EIVC Angle

Figure 5.5Max Angle Ref for EIVC and LIVO mode.

5.2 RESULTS AND CONCLUSIONS

Using the Multi Map Optimization Tool (Figure 5.@he resulting optimized
maps are smooth and the mean square error megpsettision target (see also
the error distribution on Figure 5.8) and the pcexi versus observed graph
shows the validity of the chosen model. The expenits have been conducted
on tests bench for a gasoline engine Fiat SI TarBb135 Hp with VVA.
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Figure 5.6The spark advance algorithm tuning.
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Figure 5.7Graphic of predicted vs observed.

The Figure 5.7 shows the spark advance trend véhsusarly closing angle
for different values of air inlet efficiency at &d speed. The circle points are
experimental, while the star points are the pgimeslicted by the model.

Mean =-0.0622, STD=1.01, Range=[-2.93 ,4.45]
S0OM=1.01, ERR < 2 =96.12%
& ; T ! T T

o :
-10 -3

B -4 -2 0 2 4 B g

Advance Error [°],(Model-Measure) -
Figure 5.8Spark Advance algorithm error distribution.

The described algorithm is now equipping FIAT Groaytomobiles. The

good accuracy of the described algorithm has perthib improve the dynamic
response of the engine, taking full advantage eMWA technology.
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Chapter 6 Interactive Optimization
Methodology and Calibration Tools

As showed before motor vehicles are equipped withetrof embedded
control systems with an increasing number of saféwianplemented features.
The design of such systems is a challenging prollecause of the complexity
of the functions to be implemented and for the tansts which exist due to the
tight interaction between mechanical and electraxahponents, also dictated
by safety reasons.

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

However, much more is required for the completestigyment of embedded

control systems. The current lack of automated stosee[17] and [18]),
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 soneadsdfor automating the
whole embedded control system design process. raswdt, many of the above
ideas have been implemented in the F.I.R.E. toathveupports the embedded
control systems modelling, design and simulatiora dtigh abstraction level,
allowing control engineers and software develogerdocus on the control
system aspects of the problem instead of the pratfones.

Another relevant aspect when dealing with moderterital combustion
engine control systems is the availability of nevbust and multi-objective
engine calibration methods and tools, which po#digtiallow substantial new
flexibility and performance with respect to thediteonal calibration practice. In
this work, a novel general purpose model-basedrdlon methodology will
also be described which merges statistical concdiits the robust design
theory of experiments, numerical optimization tdgiles and Engine Control
Unit (ECU) algorithm modelling. This approach expcsoftware 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;

! The specific hardware and the operating systemwhith the control
system should be executed.
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- calibration performance meters.

An application of these tools to the “basic enginalibration process of an
actual real thermal engine is presented. With ¢hen t'basic-engine” calibration
we mean the calibration activity dealing with th€UE algorithms involved in
the engine operations which do not depend on dcpéat vehicle application
like charge estimation, injector model, spark adearcomputation, torque
estimation, catalyst protection and so on.

The use of this methodology has been integratethencontrol algorithm
design process thus speeding up, simplifying argrawing the whole process.
This tool suite for control algorithms design araileration is one of the most
important results of my researft6].

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

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

- more accurate estimation (almost doubled);

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

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

6.1 F.ILR.E. TOOL CONTEXT USE

The development of embedded control systems idlysaiaomplex process,

because of the system size and the shared resammmt [19],[20] and[20]).
The modelling of these systems has to include timmMedge of the top level
structure, the distribution of the functionalitiesmongst the system resources,
the links and the data transmission amongst thepooents and the system

response to asynchronous or synchronous e{&9fs

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

Functional View

Following a model-based approach for embedded msystesign, during the
functional design phase, where the customer reqpginés are analyzed, the
control engineer plans a logical-functional viewigure 6.1) of the control
system, in which the functions of the differenttpanf the project, e.g. signal
acquisition, error value computation or command nalg actuation, are
highlighted {19] and[20]). Such a view focuses on the data flow, tlzathie
process of identifying, modelling and reporting halata flows around the
system. In this graphical notation, each activitydata-driven, i.e. every block
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undertakes its elaborations as soon as input datawvailable on its input ports,
without waiting for any timing, priority or CPU aiability .

Control
parameter o
computation i |Opsn Loopl:
Reference | cenkiod T H{Actuater_1
generation
¢ |Qpen Loap| :
\‘\ ] | contrel_h ] E -
: : —*|System
i| Target | 1__ Closed Loopl:
: |Definition_1} ¢ =] Contral_1 [
User ' g
trtartace | |closed Loap
i Target P | Contial_g |
: |Definit] : ! _
i bl Command signal
S i actuation
signal «— iL

acquisition
HSensor m| :

Figure 6.1Functional view

Implementation View

The next step in system planning is the ANSI-C ciotiglementation of the
functional models onto the specific target to betaled into the vehicle
Electronic Control Unit, which is usually accompikési by means of some

automated production code generaf@d] and[25]).
A functional view is not suitable for dealing witlhe implementation aspects
deriving by the use of a real-time operating systanthe ECU, such as task

timing and scheduling, or asynchronous events agpd26] and[27]). Such

aspects can be better analyzed inimplementationview (Figure 6.2) of the
same model where the control flbvis also highlighted. In this view, the
customer considers the effect of introducing pliescr timing requirements in
the execution of each Simulifilblock. This is accomplished by introducing an
additional scheduler block which simulates the reahaviour of the control
system when implemented on a RTOS (Real-Time Oipgrabystem) for
embedded systems.

2 The timing control of the activities that havermeprocessed by the control
unit.
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Figure 6.2lmplementation view

Re-usability View

After generating the code, it can be helpful, fting care of possible future
changes, to characterize the subsystems by thedivbae dependence in a so-
calledre-usabilityview (Figure 6.3), in order to identify the HLSW (High-led
SoftWare) and the LLSW (Low-Level SoftWare) partloé generated code.

This view improves the re-usability of a controlgalithm, because it
provides a physical representation of the contystesn in which the process
resources physical location is illustrated.
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Figure 6.3Re-usability view

6.2 F.IR.E. TOOL OBJECTIVES AND MAIN FUNCTIONALITIES

The development of an embedded system involves ctimperation of
different planning activities. In particular, thetéraction between the design
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and algorithm implementation phases requires alatgle) information sharing
between control and software engineering groupsth®@mther hand, the control
and software engineers have different points ofwyielesign 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 a#ingformations of the
Simulink® models, realized in collaboration with the softevangineer, are
manually accomplished. Such an activity is slow affected by possible
unavoidable errors and omissions.

F.I.LR.E® has been created to automate these transforma#éosaring data
consistency in each view of the same system. [El.R.a software tool which
allows the designer to develop, to analyze andirlate embedded control
systems at a high abstraction level. It helps &dize more correct and efficient
implementations of the functional graphical modé&lsupports the early steps

of theV-cycledesign methodologf20], assures more flexibility and 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) requiremdRty.

The Simulink library has been extended to support the desigihef
F.I.R.E. models thus providing a user-friendly driapl interface. From these
models, the control engineer can carry out an easdgstigation of the timing
problems potentially affecting the control systesuch as delays in the data

flow, jitters, potential data-loss in buffers, apdority task handling[@7] and

[28]). A simulation with different sampling timesadhe 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 transformatiearh a functional view to a
re-usability one consists in a graphical blocksnasgement, which is useful
during the reverse engineering phase, when focusingsome particular
hardware dependencies of the control system istefrést. Moreover, transit
from a functional view to an implementation one eoff a logical tasks
reorganization based on their timing requireme@s. the other hand, the
implementation view makes it possible to analyzdfeddnt multi-rate
simulations by acting on the scheduler block.

6.3 F.ILR.E. BLOCKSET

In order to have a user friendly tool, a customibéztk library is supplied
and integrated with the other Simulink® built-ibdaries. The F.I.R.E. block set
containing all the components required to create Rd.R.E. models Rigure
6.4). The customer can also introduce new templafeasynchronous 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 6.4Building 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 standaddemsy way, F.I.R.E. supplies
aMaskSubsystem_templdtck Figure 6.5), in which the customer can set the
required information, like the sampling time or tleeclaration of an
asynchronous events, and the hardware dependency.

72



, 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 6.5MaskSubsystem_template block

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 basis®fbsired transformation chosen
by the user.

Each F.I.R.E. transformation is composed by twdedént sections: a low-
level one where the parameters characterizing the wview 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 durimg lbw-level
phase. The customer has to set task priorities] mgehe scheduler block in the
implementation view to solve task activation cartli by means of a Graphical
User Interface.

6.4 EXAMPLES OF F.L.R.E. APPLICATIONS

This software has been tested and validated ondifferent real control
system design problems; a simplified Drive-by-WiBBW) [29] and Variable

Valve Timing (VVT) [1] units and a real engine management sysfaaj.
Specifically, the F.I.R.E. tool has been used talyze the timing problems of
the control system and to find a correct taskscalion

The goal of the first case study is to get a cdletiostep response in terms
of settling time and overshoot, both for first asecond order models, which
respectively represent their simplified behavioursthe functional view, the
control engineer designs the control algorithm kyning the controller
parameters, like a proportional or an integral gaimt he/she cannot estimate
easily the impact of a scheduling choice on thera/econtrol system
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behaviour. With the help of the F.I.LR.E. tool, tiasks allocation can be more
easily analyzed. The control engineer decides ittnng of the tasks in the
functional view, quickly transforms this view ineghimplementation one and
then analyzes the results of different tasks atlonaand scheduling choices on

the control system responses. Né&xgure 6.6 highlights how different task
allocations of the same control system can chahgecontrol performance. In
particular, see how changing the VVT control taskivation from a constant
100 ms sampling time (too slow) to an asynchronbD&€ synchronized (Top
Dead Centef)policy reduces both the settling time and the sheot, and the
same happens for the DBW control module.
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o | | | |
P i T R e e e S R S — 4 mstask [
' ' ' ' — TOC task
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Figure 6.6Different time slicing on a control system.

From this example is also easy to understand tharadge offered by this
tool in autocode generation, because the implertientaview provided by
F.I.R.E. is ready to be transformed in a Targetlbfdck diagram.

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

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

“ At an engine speed of 2000 rpm TDC event occuth €8 ms.
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both MIL (Model In the Loop) and HIL (Hardware I Loop) simulation
studies. In particular, the following tests havemearried out:

e Air Conditioner Test

e Misfire Test

e Tip In/Tip Out Test

« Efficient Catalyst Test

The relevance of the F.I.LR.E. tool in allowing nw#tte simulations to be

easily performed before generating the code antbpeing HIL simulations,
can be judged by comparing the simulation resutthiewed by the Air
Conditioner Test, when the same EMS model is desdrieither by the

functional Eigure 6.7) or by the implementation (Figures ;#é 8.9) views.
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Air Conditioner Flag [-]
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Figure 6.7Air Conditioner Test with ECU'’s functional view

In fact, although the idle speed controlFigure 6.7 seems to perform well,
the system is not stable and in fact there arellaons in the engine speed

(Figure 6.8) because the erroneous task allocatdwsen results in a huge
number of scheduling constraints and task execuigmificant delays.
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Figure 6.8Air Conditioner Test with ECU’s implementation view

However, repeating the simulation with a new altmoatasks Figure 6.9),
in which the idle speed control task allocatioslignged from 100 ms to TDC
the control responses become indistinguishable fthen prescribed nominal

ones reported ifrigure 6.7. The repeated simulations have been pasble,
before the final production code generation, bycetieg anotheFunctional to
Implementationtransformation by means of the F.I.R.E. tool. Bimulation
results obtained with the ECU’s re-usability view dot differ significantly
from the ones achieved with the ECU’s functionakoibecause that view
consists only in a graphical reorganization of hecks, 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 6.9Air Conditioner Test with ECU’s implementation viemith a new
task allocation

6.5 BASIC ENGINE CALIBRATION OBJECTIVES

Once the algorithm has been implemented and tedteid, 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 idengifion of the parameter values
which, codified in maps and vectors, best desctitge engine behaviour in a
defined working range.

* The calibration process of a single algorithm (es®) 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 erpental results in maps and
vectors which will be used to describe the behavafuhe engine in the ECU
software.

The entire process can be speeded up by usingt&atitechniques which
reduce the number of experiments to undertake asximize the informative
contents of each test. Using the proposed advaredédatation techniques, again
implemented in the MATLAB environment, it is possible to automatically

77



transform test information in calibration maps dthg usable by the ECU. The
higher precision achievable, especially when degalvith multidimensional
actuation (throttle body, cam phaser for intake exhaust camshaft, fuel
injectors...), correspondingly reflects on better tconperformance (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 redggithe influence of noise
factors on the engine performance and the generafidiagnostic false alarms.
Moreover, the availability of automatic calibratiotools speeds up the

development process of new engine control algostijtj).

6.6 GENERAL PURPOSE CALIBRATION TOOLS

In a model-based software development processsithalation models of
the processes are often available. A complete ct@le of general purpose
calibration tools has been developed in the MATI®A8imulink® environment.
These tools are described below.

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 experimentahtpohaving x, y and z
coordinates. The model is imposed by the ECU algms and/or by the physics
underlying the process.

In Figure 6.10, the coloured surface represents themetric efficiency of
the engine, at a defined speed, which dependsebgntinifold 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 pheaeable and linear in
the manifold pressure until the breaking pressusially at a value of 950
mbar, is reached whereas it has a quadratic rekdtip over that pressure value.
This switching regressor describes the natural siaege effect[@]and [32]),
which is particularly evident at 2700-3300 rpm fnistreal engine application.
The traditional linear regressor produce an erqorta 8% in the air charge
estimation at full load, worsening other actuatidit® spark advance and
mixture title.
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Figure 6.10Multivariable switching regression model example

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 orisardte x-y grid, defined by
two breakpoint vectors. The output value of the rimaphe points that do not
belong to this grid, is calculated using a bilineaerpolation method, like in the
Engine Control Unit.

The Discrete Regressiotool has been developed to meet this need. It
computes the values of the map that minimize thanrsgjuare error between
the experimental data and the surface, describekealilinear interpolation of
the map. InFigure 6.10, an example is reported. The experiatguiints are
plotted as red dots, while the map is represemteansparent blue.
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Figure 6.11Discrete Regression tool example

On the left side of th&igure 6.11, there is a slider that increases tinfase
stiffness. It works like a spring which stretchée tsurface edges. A high
stiffness generates a plain surface, increasingrtban square error. The map
continuity is one of the requirements in the catlin phase. The
discontinuities can be caused by a large measurteeresr in some points. A
discontinuous map can generate different outputesffor very similar input
values. This is dangerous in the use of the mapalse an error in the input
variable or its estimation can generate a big Varnaon 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 experimentesha y coordinates.

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

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

* The model implemented in the ECU is often the outgfua map.
By acquiring data not only in breakpoint intersen, it is possible
to obtain a map which minimizes also the modelremot only the
measurement one. This aspect is fully explainedvoel

 The possibility to interactively stiff the map progks more
physically realistic input/output relationships shavoiding the over
fitting problem.
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Discrete regression algorithm

The aim of the discrete regression algorithm isnfaimize the sum of the
squares of the distances amongst the map and pegiemental points. In order
to achieve this goal, an analogy with a mecharpteinomenon can be done:
every experimental point is fixed in the space wltle map can slide along z-
axis like shown irFigure 6.12. Every experimental point, which is oedoured
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 spage, dianass 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 energytld spring system. The
expression of this energy is:

N
E=) K*Az’ (1)
Where: K is the stiffness of the spring

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

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

4

stiffness

.

3

elast ¢ force

BkpX
Figure 6.12DiscreteRegression explanation

The mechanical system dynamic has been discresizddIATLAB® 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@wutes.. Moreover, the
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outgoing maps are smoother, more coherent witldéseription of the physical
phenomenon and can be interactively judged and fireddby the calibration

engineer.

Multi Map Optimization

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

The implemented optimization method is based onteepest descent
algorithm (see[38], [39] and [40]). The algorithm is a local optimization
procedure, but some tricks are used to reducertitgapility 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, ésample, three 12x21
maps, in almost ten minutes.

During the elaboration, the optimized maps are shoseeFigure 6.14,
together with predicted vs observed graphs and sstatestics, e.g. the mean

square error.

optimizing calibration

— 1

multi map
optimization

calibration

ECU model
matlab model output

experimental of ECU
acquisitions | algorithm \ '

measured output

Figure 6.13Viulti map optimization working scheme
The accuracy of the result is up to 4 times bettem the traditional

techniques. The maps are also smoother becausgptimeization algorithm is
instructed to pick, amongst many solutions withghene error, the smoothest.
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Figure 6.14Multimap 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-conswgmmanual retuning, usually
undertaken by using Excel sheets, was possibleth®rontrary, the proposed
multi-map optimization approach frees one from timstation.

Other advantages include:

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

* The accuracy and the continuity of the maps areebétan those
resulting from traditional methods.

Tunable algorithms

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

The algorithms have to be memory-less, like e.g thrque estimation
algorithm. It is difficult to use the above mentishoptimization 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 infeedint way.
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It is furthermore impossible to calibrate algorithmhich require the control
of a non simulated variable, e.g. the mixture tfde the calibration of wall
wetting compensation strategy, where the wall wegtts the fuel quantity lying
into manifold walls next to the injector that widlontribute to combustion
process in runtime. In this case, the verificationls presented below can
anyway help the calibration process.

Performance measurement

The optimized maps are usually evaluated by computiie 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 awrpatal data fall in the
described range with a probability of 99.97% in biypothesis 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 sHtit is more correlated with the
final performance; e.g. in the air charge estimgtibie percentage mean square
error is correlated with the error on the mixtitie tactuation.

The error of an estimation algorithm can be dividetivo parts: model error
and measurement error. The model error is causetiebytilization of a model
which is not enough complex to describe the exadthiplgenomenon. It can be
reduced by using a different model equation, insireathe 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#in.enhance the model
precision. As a result, the optimized maps are thesre robust against
measurement errors than the ones manually optimzdere the values are
exactly the ones measured at each specific breakidiis statement, based on
the Chebyshev inequalit{38], justifies the improvement in the calibration
quality achieved by using multivariable regressimodels, which are more
robust against measurement errors than those bmased single variable. By
forcing the continuity on the dependant variablaesmore dimensions, the
resulting model depends on more experimental poietitucing the probability
of interpreting a measurement error as a phenomenon

6.7 CALIBRATION PERFORMANCE VERIFICATION TOOL

For each calibration problem, a specific tool ha&erb developed which
graphically and numerically shows the effects afatibration variation on the
engine control algorithm accuracy. This tool isfuséo rapidly verify that the
calibration agrees with the imposed criteria andmake a final fine tuning,
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following the calibration engineer experience. Tresult of an automatic
calibration process has to be verified by an exfoertwo reasons:

The calibration tool, if there are missing datatr&xolates 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 aiable that is usually the
most important, but in some operating conditiotsmay not be the only
variable of interest. The calibration engineer c@rrect the optimization
process in such cases; with a user-friendly gragbhicterface this task is
speeded up and the use of bench tests diminished.

In Figure 6.15, it is shown the main screen of thelspdvance and torque
estimation tool, used for the calibration of a reagjine. The main graph shows
the so called “umbrella” curves, which show the mearque depending on the
spark advance at a predefined engine speeds anglesar positions.
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Figure 6.15Torque 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 thetbest. 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, and) the third row, the

85



acquired data values. Every row represents an tipgratationary point,
characterized by the measure of input-output va#tites a stabilizing time. The
measure lasts for a predetermined amount of tinleth& acquisition process
can be automated.

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

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

6.8 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 cdlibnaengineers for real
engine applications.

Air charge estimation

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

The calibration tools were introduced in the depetent process at the start
of one real calibration phase. The experimentah filme has been halved, now
taking 8 days, 24 hours a day. The data analysisires now a few hours. The
estimation error is almost halved and it is nowyfghtisfactory.

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

The inputs are:

= A calibration file, to gather information about thenensions and the
breakpoints to be used in the maps calibration.
= One or more engine bench test files containinghfeessary channels.

For each engine speed breakpoint, a multivarialldcking regression
model is calculatedHjgure 6.16) to best describe the manifold pressiugam
phaser position - volumetric efficiency relatioigshThe 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 bynifioéd pressure. Over the
breaking pressure, which is a regression paramdher,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 discrdtgarsformed, without
information loss, in the ECU algorithm model, mdde4 maps, for a total of
1092 parameters
Calibration verification -This software allows one to graphically and
numerically visualize the relationship between ekpental points and
corresponding ECU estimated points. The working@tlgm 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 oegsure and cam
phaser

* Iso volumetric efficiency curves depending on imtaknanifold
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 wie

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

By opening multiple instances of the tool, it isspible to compare different
calibrations or different bench test data, speedipgthe verification and
refinement of the calibration.
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Figure 6.16Charge estimation calibration verification toollelnefficiency
curves depending on cam phaser position, at defirtale manifold
pressures
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Figure 6.17Air 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 differsotirces, to rapidly find critical
points, and to evaluate different versions of thgodthm. This function is
integrated also in the air charge calibration veaifon tool.

Gasoline injector model

Automatic calibration- This tool automatically calibrates the gasoline
injector model. It uses the same engine bench desd used for charge
estimation. The discrete regression tool easilycidates the map which
minimizes the error between the injected gasolstaration, done by the ECU,
and the measured one.

Spark advance calculation and torque estimation

Automatic calibration The torque supplied by the engine is estimatdgu
mainly the engine speed, air inlet efficiency, cphaser position and spark
advance ([13] and [14]). In an engine without taengphaser, the algorithm uses
only two maps and one vector:
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* 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 therggion occurs
before reaching the real maximum, an extrapolatddevis used to
best fit the data. Ifigure 6.15, the x-coordinate of the red triangles
represents the maximum torque.

 MT(speed, eta), called the maximum torque map:egcdbes the
indicated torque measured at the maximum torquarazb: In it is
represented by the y-coordinate of the red triangle

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

TORQUE = MTépeedeta * UC(advance- MTA(speedetd) (2)
Where:

e speeds the engine speed
e etais the air inlet efficiency
e advanceis the actuated spark advance

The hyper surface that describes the torque dglieas to be continuous,
because it describes a physical phenomenon. Thei-mmagp optimization
automatically finds the values of the maps whichtli¢ the experimental data.
The result is very continuous. The error on theder estimation, 0.61 Nm, is
almost a quarter of the error obtained with tradigil calibration methods, that
calculated the maximum torque spark advance byyaimg only the points at
the same engine speed and air inlet efficiencys tegulting 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 2284meters.

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

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

* The engine bench test data

The main graph shows the trend of the “umbrella’ves, CMI(advance), at
a fixed engine speed and cam phaser position. Aeduiata are represented by
blue circles, while calibration estimated corregtiog points are the black dots.
The red triangle represents the maximum torquetgoimeach load breakpoint,
while the big black plus symbol is the working dpadvance. Clicking over an
experimental point, additional information are skguike fuel consumption,
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temperatures and so on. Clicking over an ECU cated! point, instead, the
relative formula adopted will be shown, with inpoaps values.

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

— Sekzonesvista ——

oo 7]

W, [7]

Anticipo, [7]

Figure 6.18Torque verification tool, cam phaser position defmity

On the left panel it is possible to choose the maigipeed, the cam phaser
position and the load. The cam phaser can be $pecaifith 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 andcmntrol the effect in the
main graph.

In Figure 6.18, the CMI (advance, cam phaser positgraph is shown,
which is of use to verify the phenomena from anop@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€iftware.

6.9 TCA ENVIRONMENT

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

. charge estimation for each valve actuation mode;

. injection model,
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. exhaust backpressure estimation;

» exhaust temperature estimation;

» delivered torque estimation;

»  spark advance calculation;

* engine friction and pumping losses estimation.

Almost sixty maps and vectors are necessary tdredé these algorithms
for each application; it means thousands of sqaaameters. In order to satisfy
this target, 33 automatic calibration tools haverbeleveloped, integrated in
TCA environment.

In Figure 5.19. the main TCA interface is shown.

<) Tool di Calibrazione Automatica e Validazione Funzionale

/I-'PT Tool di Calibrazione Automatica e Validazione 8GMF, 8GSF ya
[ 4 woneiisam womacens  FPT-PE § Gasoline Engineering / Controls / Systems&Controls /PSDT - ELASIS, Pomigliano d'Arco (NA) ELASIS:
AR Input - Output.
Load
PQ_Charge
PQ_Torque
Selezione del tool
| TCA_INTAKE_EFFICIENCY _ALGORITHM_FL A
TCA_INTAKE_EFFICIENCY_ALGORITHM_VVA
TCA_EXHAUST_TEMPERATURE_MODEL i <
‘TCA_EXHAUST_BACKPRESSURE_MODEL
‘TCA_SPARK_ADVANCE_CALCULATION_FL
‘TCA_SPARK_ADVANCE_CALCULATION_VVA
TCA_TORQUE_EXSTIMATION_FL

TCA_TORQUE_EXSTIMATION_VVA
TCA_FRICTION_MODEL

Descrizione del tool selezionato

Action History

— ~
v

Tool Status

Figure 6.19TCA tool, user interface.

The inputs are:

* A calibration file, to gather information aboutet dimensions and the

breakpoints to be used in the maps calibration;

. One or more engine bench test data files, speftificharge estimation;

. One or more engine bench test data files, spefaifitorque estimation,

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 orefllshints are also displayed
that take into account the best practices to usettiol, suggested by the
application team.

If only one map has to be calibrated the DiscRégression Tool is used.
The mentioned tool has been developed to calctiteeralues of the map that
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minimize the average square error between the swpetal data and the
surface, described as the bilinear interpolationttf map, using the same
algorithm embedded in the ECU.

When the algorithm’s output depends on more map&otors that interacts
each other, it's better used the Multi Map Optintiza Tool.

The Multi Map Optimization modifies the calibratiovarying the values of
the maps, vectors and scalars that compose it,thatminimum average square
error, or average percentage square error, betweeasured output and
estimated ones is reached. This tool solves a dimkinsional optimization
problem, having as optimizing function the absolateor or the percentage
square error.

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

. Many maps can be optimized simultaneously, tHatiem minimizes
the total error, not the single map one, so thelrégtter fits the data.

»  The precision and the continuity of the mapskater than using other
methods.

6.10 CONCLUSIONS

In this chapter an analysis and simulation powetfdl for embedded
control system design has been presented. A discussgarding the related
automotive industry demands and the relevance fiivace support tools for
control system design has been provided. From thessiderations, F.I.R.E.
has been built up to provide multiple views of an8iink® model, because
control system developers have to consider diffeaspects, not all visible with
a single graphical notation. It mainly allows amhieal reorganization and an
early timing analysis of the control system, acoogdto the Auto-Code
Generator requirements, with the objective of awtically generating the
production code for the ECU directly from these lsd

This software has been tested and validated on applications and the
relevance of this tool has been illustrated by #tigating different closed-loop
system behaviours which result from bad schedutihgices and by the tool
assistance in finding the most correct time sliciftgy each task. Future
developments include:

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

» joint comparison of simulation results between fiowal and
implementation views;

» inverse transformations and overall consistencgkfi@amongst the
views;

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

Another important feature which can be added igitssibility to undertake
more detailed investigations and comparisons betwd#ferent dynamic
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scheduling polici€s (e.g. priority-based pre-emptive scheduling andli&st
Deadline First (EDF) scheduling) and a deeper a@mlyabout the
synchronization amongst tasks that use shared fdattheir computation. It
could be also interesting to investigate the deliag to common data access and
the transmission rate into the network by integigtthe F.I.R.E. tool with
handmade scripts or other blocks representing reifte schedulers, networks
and monitors for synchronization, as in the Trued platform.

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

® Simulink® simulation engine uses a fixed-priority Rate Mami¢ (RM)
schedule
ng to simulate multitasking models.
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Conclusions

My research activity has been focused on the deirdoof three new
control and management algorithms for the enginetrob unit and on the
developing of more accurate control developmentaatitbration software tools.
The developed novel control concepts were requmedhe integration of new
technologies in the existing powertrains, in paitic the VVA technology for
gasoline engines and intelligent alternators. Thaltidir® engine (with
variable intake valve actuation technology) is nawbenchmark in the
automotive world for its high performance and thehiavable fuel/emission
reductions. The intelligent alternator is a tecbagl widely used by several
OEMs for energy management.

In order to satisfy the more restrictive CO2 regmients, and therefore fuel
consumption, Intelligent Alternators give the oppoity to regulate the energy
efficiency in recharging the battery according be tdriving conditions. The
conventional engine control system is not ableptnuize the efficiency of the
alternator in terms of emissions and fuel consuomptdlue to a constant voltage
which is imposed and is not modifiable. Thereformanagement strategy has
been proposed for regulating the alternator voltdges is done by using an
“Intelligent Alternator Module (IAM)”", that communates using the LIN
protocol with the Engine Control Module (ECM), aad “Intelligent Battery
Sensor (IBS)”, which provides the information abdbe battery State-Of-
Charge (SOC). Target SOC and battery voltage drbysthe control algorithm
based on vehicle driving conditions and engine atiey mode. This strategy
has been tested on a Lancia New Ypsilon vehicléppgd with 0.9 TwinAir
85hp turbocharged gasoline engine. The performets tshowed the correct
Smart Alternator Management (SAM) strategy operatiand the target
performance improvements with respect to the stahdernator management ,
in terms of:

» target alternator voltage smoothness, which guaesnan optimal
Front End Accessory Drive (FEAD) performance togethvith
“fun to drive” feeling;

» target tracking of battery voltage;

* Dbattery life time improvement;

» engine friction torque reduction, which guaranteas further
improvement on engine driving performance;

» fuel consumption reduction, assured by a nominalréuction in
CO, emissions on a NEDC cycle.

The second algorithm has been developed to impiferelynamic response

at one of the most critical manoeuvres: the driffeope. The state of the art for
drive off algorithms are already present on autien&ansmission vehicles
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(mainly in the transmission control unit). A stuéyd adaptation of these
algorithms were performed and applied directly e £ngine control unit for
those vehicles that have a manual transmission.sfragegy recognizes when a
driver is taking off and it manages the engine dgaeorder to achieve the final
vehicle momentum at the end of the manoeuvre. Thygnal concept has been
tested and validated using a Software In the Loopirenment and Rapid
Control Prototyping. The algorithm has shown goadfgrmance in all the
manoeuvres tested by using the SAE evaluation ifdi€lerent manoeuvres are
evaluated by a commission using subjective conatisrs and AVL drive
instrumentations for objective evaluations withpes to best in class vehicles):

0 areduction of maximum vehicle longitudinal accatem;

o alower engine speed undershoot;

o and aless number of engine stall occurrences.
The drive off algorithm will equip all new FIAT Pda Twin Air® passenger
vehicles starting from fall 2011.

The third algorithm developed is a strategy to ngentihe spark advance in
VVA equipped vehicles. It has been shown that magphe spark advance
independently from specific MultiAir® Valve and eng working modes,
improves fun to drive without losing any advantageserms of misfiring. The
experiments on this algorithm have been conductetést bench for a gasoline
engine Fiat Turbo 1.4l 135 Hp equipped with VVA.tAally is implemented
into each vehicle application having MAIR and TWA\R gasoline engines.

In order to quickly design all three of these ndgodthms, a powerful tool
for simulation and embedded control system desagldeen presented: F.I.R.E
(Functional, Implementation, and Re-usability Eowiment). This tool has been
built up to provide multiple views of a Simulifiknodel:

o Full model functional view

o Model filtering by task scheduler and Target Link@mpatibility

o Physical allocation selection

It mainly allows a graphical reorganization andeamly timing analysis of

the control system, according to the Auto-Code E&oe requirements, with
the objective of automatically generating the piddun code for the ECU
directly from these models. This software has hested and validated on real
applications. The relevance of this tool has bderstiated by investigating
different closed-loop system behaviours which restdm bad scheduling
choices. With the tool assistance, the developablis to find the most correct
time slicing for each task.

To easily calibrate the models developed for MiiffAengine, an automatic
tool for calibration (TCA, Tool Calibration Autornie} was developed. The tool
is a Multimap optimizer, which turns the maps to detimized (with its
interpolation rule) into a physical model and opties its equilibrium and the
continuity based on the minimum error to be achieve

All the algorithms developed during my researchvitgt have been tested
for long time and reputed as good as to be emplayeall future production
vehicles. In the next future, EUROG6 challenges imilbose a re-visitation of the
developed control algorithms and the developmemiesd functions.
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