Alma Mater ‘Studioruni Universita di/Bologna

DOTTORATO DI RICERCA IN

Meccanica e Scienze Avanza

Ciclo XXXl

Settore Concorsuale09/C1

Settore Scientifico Disciplinare: NG-IND/08

TITOLO TESI
Development and Validation of a MoeBased Combustion Controller
for Water Injection Management

Presentata da: Francesco Ranuzzi

Coordinatore Dottorato Supervisore

Prof. Ing. Marco Carricato Prof.Ing. Nicolo Cavina

Esamefinale anno 2020



Abstract

This manuscript reports the overall development of a PhreBearchproject which lasted 3 yearduring

0KS aaSOKIyAO0a | yR I RGI y Gabitie D&yrnany & ISANdtrigl Engide@rinGof O S & ¢
the University of Blogna.The projectwith title of dDevelopment and Validation of a ModBlased

/| 2Y0dza A2y [/ 2y (iNRft SNI T 2isbcaskdbShidekelppnieibiiaic@mpbustioh y | IS Y
control system for a innovativeSpark Ignited engine layout. In details, the controller is oriented to manage

a prototypal engine equipped with a Port Water Inject&ystem.The water injection technology allows an
increment of combustion efficiencyud to the knock mitigatioreffect that permitsto keep the combustion

phasing closer tthe optimal positionwith respect to the traditional layout.

At the beginning of the project, the effects and the possible besatihievable by water injection have
beeninvestigatel by a focused exp@nental campaign. Then the data obtained by combustion analysis
have been processed to designcontroloriented combustion model. The modaentifies thecorrelation
between Spark Advance, combustion phasing and injected water mass, and two diffeateqgissare
presented both based on an analytic asémiempirical approachand therefore compatible with a real

time application

The model has been implementedartombustion controllethat manages water injection to reach the
best achievable combusti efficiency while keeping knock levels under agstablished thresholdlhree
different versions of the algorithm are described in detdihiscontrollerhas been dsignedand pre
calibrated in a softwarén-the-loop environmentand lateran experimental validation has been performed
with a rapid control prototyping approadb highlight theperformanceof the system omeal setup. To
further make the strategy implementadlonan onboardapplication an estimation algorithm of
combustion phasingnecessary for the controllehas been developed during the last phase of the PhD

Coursepased on accelerometric sigsal
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Introduction

In recent years,iHe main research foautomotive companies has been representecthyy improvement of
vehicle efficiency since all emission regulation plans are becoming more demanding in terms of reduction
of # | . Theefficiency ofspark ignited enging can be relevantly aneased adopting differertechnologies.
The first solution adopted consists in the combination of turbocharging and downsizing. ateg)siis
limited by the phenomenon of knoalue to higher pressure inside the chamber. Therefore, the
combustion contrbsystem is forced to delay the combustion phasing to a less efficient positaaseof
high load The delayed combustion presents a higher exhgastemperaturecausing thermal stress to

the turbineandsoa rich value of aifuel ratio can beequiredto use the excess of fuel to cool the exhaust
temperature. These necessary solutions affect the final efficiency of the enginishing part of the

benefit achievable by the turbocharghupwnsizing layout.The introduction of inert chemical compousd
such as water or recirculated exhaust gas usedilute the combustion and as heat sio&n be a relevant
and feasible solution to this problem. 838 new technologies require dedicatedcombustioncontrol
systemable to manage the effect on theombustion dynamics. To face the complexity of the system an
innovative approacto design the controller is requiredn this work, grototypal Gasoline Direct Injection
enginehas beerequipped with aPortWater Injectionsystem for the study andhe development of a

Model-basedWater Injection Combustio@ontrolSystem

A complete introduction of water injection concept is provided in Chap&xplaining the w&te of art of
this technology. In Chapt&; the experimental setups ardescribed. In detail, information about the Port
Water Injection system together with thelated Rapid Control Prototyping system. The fsgterimental
investigation campaignrothe system is explained in Chap&with a focus on the effect ahjectedwater

on combustion dynamics.

The core of this work is represented by the development of the controller. The first step is the definition of
a combustion model able to estimate the Spark Advance aeglgired to oltain a target combustion

phase taking in account the effect of tigectedwater massas shown in Chaptet. Two different

approaches ar@resented,and both rely @ an analytical and sereimpirical approach. Due to the
computational simplicity of the approach, the modainbe involved in real timapplication such as
combustion control system. Therefore, the motiels beerimplemented in an open loop contiel which

adopts two target maps, one of watéuel ratio and one ofarget combustion phase angle as inputs.

During the following ®p of development, the controller has been improved adding a closed loop based on
knock index that allows also the use of watgeation for knock control. In the lastep, also another

branch of closed loop based on combustion phase index has been integrated in the system to compensate
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the inevitable error that can affect the moddihese two steps employ a calibrated strategyrtanage
correction to be applied both to water to inject and to spark advance to be applied, and the required
combustion indexeare provided by indicating system. The complete description of the controller is
presented in Chaptes and its performance evaluated suoftware-in-the-loop environmentis shown in
Chapter6. Toshowthe effectiveness of the system on a real setup employing a real time hardware several

validation tests are reported in Chapteér

To demonstrate the feasibilityo employ the controller in an ehoard applicatiorthe combustion indexes

used as inputs and obtained by indicating system must be substituted with standard sensors. The knock
index isalready provided by the use of an accelerometard an estimation algorithm of combustion phase
relying on the same sensor has been studied and calibrated and the main findings are presented in Chapter
8.

The internal combustion engine represents only a parthefefficiency of the powertrain. In faca further
solution consists in the hybridizatidar SI enginecoupling thethermalengine with an electric motor and
involving a battery as energy storadée benefit of a hybrid system relies on the combination of the high
efficiency of the electric motor available for a wide range of load and speed togethethgitidvantage of
longautonomy of the internal combustion engin&s the regulation plans gh / become more tighter,

the coupling of different kind of solution are more interesting for fuel saving on vehActeambustion
controller able to manage the engine efficiency (thgh the combustion phasing) could be very important
as a part of energy management systenadfybrid system For this reason, during the last part of the
Course, the modelling and control focus was enlarged to the whole poweraatdeveloping possibl

strategies to optimize the overall energy efficierioy an electrified hybrid layout, as reported G@Ghaptero.



1 State of art of Water Injection

The design bSpark Ignited engines is dealing with the challenge represented by the next stage of emission
standards. Due to the combustion in presence of a homogenous mixture of air and fuel, these engines can
reach better standard of emission in terms of low protinie of HC, CO, NOx and soot in comparison with
diesel engine, but are affected by worse performance in terms of efficiency. Therefore, to fulfil the new
standards that will require reduction &f / , new technologiesas described inl] and displayed ifrigure

1.1, are becoming mre relevant in the Sl engine field. The main strategy pursued to enhance efficiency in
gasoline engine is the downsizing in combination with supercharging, in fact these two concepts applied
together allow to reduce the use of the throttle in torque regida only for the lower load. In this way, the
reduction in overall efficiency caused byechanical losses arttirottle pressure drop is limited but the

downsized engine is still able to provide all torque range of interest due to the turbocharger.

220

9
o ~
o 200 g
a 2
2 180 2
h o
o a
N 160 7w
© £
g S
5 140 6 @
g o)
’E‘ 120 :::"‘:‘-~-l-?"lndia 2022:113 5 E
< T gngngw e o
E 100 PRl T*e o US 2025: 99 o
3 : -
2 A 4 S
] e \;-:f
r_:; 80 S o
g * 3
5§ 60 EU 203(')'5.; E
L] ' 2 2
g 40 — historical performance 5
@ ---- enacted target v
o 20 -
o Y e proposed target [T

0 ]

2000 2005 2010 2015 2020 2025 2030

Figurel.1 Comparison of global Gf@gulations for new passengers cars.

One of themain limits of this technologyis represented by the knock tendency of Sl engiaichigh load.

This specific feature of thiengine type restricts the potential of supercharging. In fact, the probability of
knock evernt increases as the iaylinder pressure rises so that a delaying of Spark Advance angle is usually
applied at high load. In this way, the overall efficiencyesgiized inthe upper area othe operative field.
Furthermore,as aconsequence, an excessive temperature at Turbine Inletdi Bf)catalytic converter may
arise, which leads to an enrichmem the air/fuel mixture, and to durther penalizationof the fuel
consumption. In this case, technical solutiarapable to reduce the knock tendency have to be adopted.

Since downsizing and turbocharging rensankey strategy for the future, to overcome these aspects, the



traditional design of S| engieenust evolve toward a new generation that can involve different kind of
solutionsto reduce the knock tendencyhemost efficient ones are the water injection, external cools@R,
VCR and Miller or Atkinson cyclas reported in 2]. The effects of the/CR, Miller and Atkinson cycles
techniques on the ®ingine performance have been thoroughly examinedrasrged from literature, where

variousexperimental andhumerical studies are availaljig,4,5,6,7].

The adoption of external coole&Exhaust Gas RecirculatioBGR, dependingon the load level, allows
decreasing the pumping losses, tkock tendency and the mixtuenrichment[8]. The externacooled EGR
at high load improves the fuel consumpticamging from 6% at high speed, up to 17% at low speedEG#
allows for the knock mitigation according to threcylinderpressuretemperature state, which in turn varies
with the Brake Mean Effective Pressure (BMEP). In partiagademonstrated ind], the EGR application to
modern downsizedturbocharged S| engines becomes less effective.Khloek tendency reduction by the
EGR is indeed expectediie more efficient for naturally aspirated engines, operatec awer BMEPAS
reported in [2] aurther solution for knock suppressiasithe liquidwater injection either within the cylinder
or at the intake porf1011 12 13 14]. Hoppe et al. 0] tested a single cylinder researengine, provided
with Direct Water Injection (DWI) revealing notablefficiency improvements, around 16%, at low speed and
high load.

The application of war injection in combustion engineis as old as the combustion engine itself. Prof.
Hopkinsonfrom the University of Cambridge proposed the water injectamnan internal coolant of gas
engines already in 1913%]. He emphasized the cooling effect by water due to higher loéatporization
and increased heat capacitidarrington [6] investigatedhe effect of liquid or vaporized water on the
performanceandengine out emissions. He performed measurememts singlecylinder engine with water
injection intothe intake manifold. He found a stronger effect of liquidter compared to vaporized water.
Due to the water additiothe physical ignition delay incread, the combustiomluration was prolonged, and

the knocking tendency wasduced.

Different strategies for water injection into combusti@mgines are availablelf, 19, 20]. Fa example,
manifold and poriwater injection (PWI) emulsion direct injection and separate dir@eiter injection(DWI)
The strategies differ by increasing complexity of the injecigstem and decreasing water consumption.
Since thamanifold and port ifection systems use lower injection pressuegsl longer injection durations,
the water pump can bemaller and the injection controls are simplified. Thiected water vaporizes during
the gas exchange, as consequettice intake charge is cooled, and tigas density isncreased 18, 19].
However, if too much liquid water igjected, it can impinge on the walls and water can slip throtigh

exhaust ports during valve overlap, leading to increasater consumption. The emsibn direct injection



requires onlyone injector to inject the water/fuel emulsion into the cylindgk8]. The separate direct
injection of water requires two injeots, which are mounted into the cylinder head. This method is
constrained by the limited cylinder head space availabladdern Sl engines. The injection system consists
of a highpressurewater pump and rail system to deliver an injectipressure up t®00 bar. This enables
more sophisticated injectioatrategies and wateefficient operation. Since the higpressurewater injector

is exposed to high thermal loads, itriecessary to inject a minimum amount of water to cool daiva
injector and reduceftérition [17]. Due to the complexity of design relatedadWIand for an emulsion direct
injection, in this workan experimental setup equipped with a Powater Injection systemhas been

investigated

10



2 Experimentabetup.

In this chapter an overview of the experimental setups involved in the activity is presented considering also
the Rapid Control Prototyping system designed to employ the algorithmlajes@ along the project.
Further details are describién [21, 24].

2.1 Experimental Seap TSI
2.1.1 GDI Supercharged Engine

The activity has been performed ondecylinderGasoline Direct Injection turbocharged engine, in order to
reproduce the most relevant condition for the \éichnology.In details, the chosen engine is a VW 1.4 TSI
(Turbo Stratified Injectiorndits main features are summarized in Table 1. Valve timiag kept constant

during all carried out tests.
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Figure2.1 Operative field of VW 1.4 TSI. the red area represents the turboehapgrating zone

Table2-1.1
Displaced volume 1389.9 cc (4 cylinder)
Stroke 75.6 mm
Bore 76.5 mm
Connecting Rod 144 mm
Compression ratio 10:1
Number of Valves 4
Exhaust Valve Open 580° BTDC @0.1 mm lift
Exhaust Valve Close 356° BTDC @0.1 miift
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Inlet Valve Open 358° BTDC @0.1 mm lift
Inlet Valve Close 132° BTDC @0.1 mm lift

2.1.2 PWI System

To perform this research the engine has been modified in all intake air path to add a Port Water Injection

(PWI)system.This PWI consists of an assembly of the following [&itgire 1.2)

Modified air intake manifold
Injectors mounting block
4 water ingctors

Water Pressure Rail

= =A =4 =4

Water Inlet

».

// 7
/{ // 1,

‘gtm L

Mountmg Block

Intake Manifold [*

Figure2.2 Port Water Injection system

The intake manifold has been designed to reproduce the same inner geometry of the original part with the
aim to not change the features of fluid dynamic of thiake phase. The external geometry has been modified

to provide a surface matching with the mounting blasid a hole for each injectpand multipleribs have

been added to reinforce the structurét the same time the geometry involvedrimatching withthe other

parts has been identically reproducethis new manifold hathen been produced with 3D printing ithe

University of BolognkabsusingABS Plus plastic.
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Figure2.3 On left: original manifold. On right: the new WI manifold

The injectorsare provided by MarellEuropeS.pA. and theyhave been originally designed for urea

injectionin SCR technology. However, they have been chbeeauseof their compatibility with vater.

The mounting blockas been designed toe coupled with thentake manifoldand tothe give the injectors
the proper direction. In fact, the axis of the injection eanust be aligned with the axis of the relative intake
runnerin order to enhance the chance of the water droplets to reachdnder without impaadng the

walls of the runnerThe injectorgontrol systems discusseth the next chapter.

Figure2.4. PWI system side view
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Figure2.5 PWI system, inner view. In yellow the injection cone

The pressure water rail has been designed to split the pressurized water flow that is provided by the feeding

line.

~| Water Inlet

4 connections for injectors

Figure2.6 Water pressure rail, inner view

Both mounting block and rail are made in aluminiuks. displayed ifrigure2.2, these two parts are linked
together by 2 tierods. In this way, the injectors are presseetween these 2 parts obtaining the proper

sealing of the system. To accomplish this goal bottspaust precisely match the geometry of the injectors.

The water feeding linein downstream way, consists in a filter and 2 pumps in series. The first pump works
in fixed operative point and it is regulated by a manual pressure regulgher second pump driven by a

dedicated control unitThere is also a feedbatike that can close a loop in case of excessive pressure.

14



Water y y
Tank — }

Rail

Pump
driver

Figure2.2 Water feeding line

To integrate the PWI system some modificas@m the original layout have been necessary. All the intake
air path has been changed with a more flexible line to create the space to insert the syist€igure2.3
there is the original TSI laput and all the eliminated parts have been signed with the red crossé&sglme

241t is displayed the present modified setupvitnichit is clearlyvisible the PWI system.

Air filter Control flap control unit

Exhaust gas turbo-
charger

Throttle valve control
unit J338

Charge ar cooler

To throttle valve
control unit

451 02

Figure2.3 Air path modification on 1.4 VW TSI
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Figure2.4 TSI setup. The white cirdlgghlightsthe PWI system. The blue arrogl®owthe new air path branches

2.1.3 RapidControl Prototyping

A Rapid Control Prototyping System (RCP) has been developed to manage the Wilaytbiefirst part of

the activity, a firsversion of the system has been used to perform investigation campaigns or focused test
in which theinjected water massvas externallymposedby the operator During all the project the amount

of injected water has been reported using the parameatetefined as the ratio of injected water mass on

the injected fuel maséeq.1)
o — 1)

A synthetic scheme is displayedRigure2.5. During all tests, standard actuators of the engine have been

managed by a development ECU. To manage the water injectors a dedicated WI Driver has been developed

usinga RealTime hardware capled with the ECU. The basic algorithm designedHerRT machine was
initially able only to compute the necessary water injection time to obtain the externally\sdte (Figure

3). To accomplish this goal, the hardware needs as inputs the valuBd/hffeRel mass injected cycle by cycle
and manifold pressurdn the first setup, the signal from manifold pressure and the AFR sensor were split to
be acquired byboth the ECU anthe RT machine. Furthermore, an air mass flow metasadded to the
modified air path. Through both air mass flow and AR&asurementsthe algorithmcan compute the

injectedfuel mass.

16



Pump driver

Water pressure - "'"“‘!f:y‘
target \f

INCA

-r=Water-Fuel ratio
-SOI=Start Of Injection

Injection driver (NI CRio)

VW * Umanifold | B e
TSl o .A : - converter
Engine il _

Figure2.5 TSI setup control laybu

The algorithm operateas a Real Time codeycle bycyclé for each cyl

water mass to be injected is defined as a product of fuel mass injected and r. Then, water mass and pressure

inder trough three steps. At first, the

drop between water rail and manifold are used in the injector characteristic to defjaetion duration. At

last, using the engine toothed wheahd thecombustionphasing signads a referencethrougha fixed Start

of Injection anglénput (setby the testbench management system)

the injection timing is calculaiéue

determination of both injection timing and duration allowtdefine the ultimate profile of the injection

pattern. This pattern is obtained sendiagligital signal to the D/A Converter that finally transfers an analogic

signal to each injector.

Ap = rail pressure
— manifold pressure

-
* Toothed Wheel
¢ Phasing

Water —
Fuel mass mass Injection
[mg/cycle] X (me/ duration

c Z [ms)

r
target
Injector
Characteristic

Test-bench
Management

| Start of

* SOl
1

Timing of DO
—>1 . .
Injection v]

| Injection

Figure2.6 Water injectors control system
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To test the WI controller, the algorithm developed in SiLthas been integrated in the RT code. After this
upgrade, the controller provides (cycle by cycle) the r value to the Portddnsyanda new SA value to the

ECUand at the same tim& must receive several combustion indexg®e MFB50 and the knock index MAPO
(Maximum Amplitude of Pressure OscillatioA) complete description of WI controller and its inputs and

outputsisgivenin Chaptels.

Two new CAN communication networks have beerugeto upgrade the RCP systamdto integratethe

control software.

1. cRIGECU line. The software cagad directly fromthe ECUparameters likdoad, speed, fuel mass
injected(cycle by cycleand manifoldpressure. In opposite direction the software can write the SA
to be applied

2. Indicating systentRIO. Reading of MFB50 angle and MAPO (cycigchs).

Test-Bench Operator

RPM

Net Load

I
|
|
I
I
I
|
| S Y
Fuel Mass Lo CAN 2 !
Injected I MIAPO I
- |
Engme Manifod Press. i RT < MEBSO i
Control | Hardware }
7777777777777 1
Unit < SA actuated ‘
|
SAopt (no knock i I A
correction) !
| D/\Elto Indicating
1 Injectors System
TC GDI Port Water I
Engine Injection ] Water
System Rail
Pressure

Figure2.7 Overall Rapid Control prototyping system

2.2 NewExperimental setip

In the last part of the project, a different sep has been involved, includiagdifferent GDI engind his set
up, managed externally by &felli Europe S.A., has been used to obtain more data for the study of WI
technology and also for the MFB50 Esiion described in Chaptd: The engine used for this activity is an
in-line 4 cylindes SI TC engin@nd its main features are summarizedTiable2-2. The engine is equipped

with two accelerometers as standard production equipment, one located between cylinders 1 and 2 (Accl2)
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and the other one located between cylinders 3 an(P¢c34). The accelerometric signal is acquired with a

sampling frequency of 200 kHz.

Table2-2 Engine Features

Displaced volume 1995
Stroke 90
Bore 84
Connecting Rod 163
Compression ratio 10
Number of Valves 16
Exhaust Valve Open 10 Before BDC
Exhaust Valve Close 15 After TDC
Inlet Valve Open 50 Before TDC
Inlet Valve Close 75 After BDC
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3 First Investigation on WI effects

3.1 Variation ofr and SA

The first investigation othe WI prototypal engingdescribed in2.1, has been carried out tperform a

preliminaryanalysis oithe maineffects on combustionThe test conditiorare summarizeth the next table.

Table3-1 Test condition

RPM 3000
Manifold PressurgbarA] 1.5
AFR 1
VVT disabled
Water Rail PressuiidarA|] 10
Start of InjectiofCA aTDCf] 360

The maircontrollingparameter in a SI combustion is the Spark Advance aagteusually theoptimization

of combustionefficiency isevaluated through SA sweeps at fixed speed and load conditions. Therefore, to
study the Water Injection effecseveral SA sweeps have been performed at different watie At first, the

effect of WI on MFB50as been evaluatedn Figure3.1 the correlation béween MFB50 and Slas been
reported at different r values. The effect of WI is clearly a delay on MFB50, in fact for each SA applied the
resulting combustion phasing is proportionally retarded as lasg increass. At the same time, the

relationship betveen SA and MFB50, at samelisplays a parabolic profile at every condition.
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Figure3.1 Correlation between SA and MFB50

Both theseconsiderationsare relevant findings that hee led to themain core othe project.
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The effect of water can be highlightedfiigure3.2. At same SA, thimjectedwater quantity proportionally
slows down the combustion, delaying the phasing and reducing the peekto MFB50 delay thedicated
Mean Effective Pressure (IME®)ariance is actually increased as long as the water fuel ratio incresses,

seenin Figure3.3
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Figure3.2 In-cylinder pressure profile for one cycle at different r values at SAFIRCf
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Another importantconsequencef water injection is the mitigation of knockigure3.4 displays the trend

of knock tendency, represented by MAPO98 index at differefalues. The nitigation effect at same SA is
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clear butsince WI changethe combustion phasing a proper combustion analysis must conlidesame

MFB50 conditionfocusing orthe black dotted linewhichrepresens the MAPO98 values at same MFB50=9

CA. This representain highlights that in presence of knocking condition the injection of a whitel ratio

of 0.2can reduce effectively the MAPO®&]. There isnot a linear relatioship betweenr increasing and

MAPQ98 mitigation, thereforthe more MAPO98 is lowethe morer increment is nheeded.
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Figure3.4 Trend of MAPO98 at different r value. The black dotted line represents the MPFBIWCEondition

Adeeperanalysis of combustion has been carried out to study the evolution of Cumuhgitdeat Release

(CHR}urve at diferentr values appliedThis curve provides r@presentationof the evolution of fuel mass

burnedfraction during the combustion phase on angular domain. To obtain this curve the net heat release

rate — must be calculatd using the equation belown Eqg.2 and reported if23].

- —ZZ —

Where:

—pi— Q)

1 nis the polytropic coefficient for the real cycle

1 pis the incylinder pressure obtained by indicating system

1 Vis chamber volume, function of crankshaft angle
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— describes the derivative on crankshaft angle of the heat transferred tagtsby the fuel oxidation
process. Thig y Shéatis not affected by the losslue to the thermal exchange with walls and for leakage.
The integration of— in an angular wdow correlated to the combustion phase lesid the CHR cune

displayed inFigure 3.5, for constant SAIn this picture the effect of on the trend of MFB along the
combustion phase is clear, all the processlamgatedproportionally to the increment of. Furthermore, on

each CHR profile the positisof MFB1, MFB50, MFB90 (respectively the 10%, 5@®©a% of mass fuel
burned)have been highlighted
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Figure3.5 NETCHR fraction for average cycle at SA=13° babDdifferent r values

For a wider analysis, the overall combustion time (evaluated as arlguigth between MFBO and MFB90)

of every tested point has been plottexh same graph, and this time the points are defined by MFB50 angle
instead of SA to delete the bias (the inevitable delay effect) produced by WI effect. The final graph is
represented byFigure3.6.
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The most important finding from thigraphis thedetection ofthe combustion elongation produced by water
that can beisolated by consideringperative points with same MFB50. This elongation is enhanced when
MFB50 is far from djmal position (too delayed or too advanced). The same analysis has beestadp
splitting the combustion angular time in three parfsom MFBO to MFB10, from MFB10 to MFB50, from
MFB50 to MFB90, respectively displayed-igure3.7, Figure3.8, Figure3.9. These figures highlight very
clearly in which section the water injected has an impact. In fact, the increaseanf expandhe MFBG
MFB10 part from 20° to 2530° depending on the combustion phasifityis effect is more relevant especially
for advance MFB50 conditionsThe effect ofr is also shown irfrigure3.10, represening the in-cylinder
pressure profile of the combustion phase, considering only points withd@EBse to 9° CA aTDCf to match

the evolution of combustion dynamics in presence of increasing water injection at comparable combustion

phases.
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Figure3.7 Angular duration between MFBO and MFB10 compateshme MFB50, at different r
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Figure3.10 Effect of WI ortombustionon Incylinder pressuréor points with MFB50 close to 9° CA aTDCH.

In conclusion, thanalysis from this first investigation campaign highlights a delaying effect of the water on

the combustion dynamics. Summarizing:
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f The relationship between MFB50 and SA can be fitted 5% @ar@er polynomial functionThe
water-fuel ratio increas furtherdelaysthe angular position of MFB50, but the relationship is still
fitted by the same kind of function

1 The delay effect is mainly focusedtiire early combustion phase (MFB®). The following process
is less affected, therefore, the combustion of water injectan be shifted to the desired phasing
advancing the SA angle

1 At same MFB50, the injection of water can actually mitigate the knock tendency.

These findings have been the base for the development of the WI combustion dendedcribed in

Chapters.
3.2 Start of Injection Effect

After a general evaluation of the effect on combustion related toitijectedwater mass, another
preliminary investigation has been carriedt@o study the effect of injection phasintn this case the test

has been performed with the following condition.

RPM 2500
Manifold Pressure [barA] 15
Water Rail Pressure [barA] [39 20]
Start of Injection [CA bTDCH] [0:120:720]
SA [CA bTDCHf] 14
Water-fuel ratio 0.4

The effect of SOI has been studied using 2 possible feeqizaakneters MFB50 and temperature inside
intake runner. In this casa variationof rail water pressureéhas beentaken irto account to consider alsine
effect of differentinjectiontime durations. It can be seein Figure3.11, Figure3.12 and Figure3.13that the
variation of SOldoes not lead to significant effeston MFB50. From the perspective tife runner
temperature, the effect is more relevant. In other words, the injection phlaasan impact on runner wall

cooling.

The very poor effect of SOl on MFB50 can be explained considerisglioptimal layout of the TSI runner.

In fact,there is atoo longpath that water droplets must traveb reach the cylindeand in the last part of

the ductthere is abend. If the spray is injectdokfore theintake phasethe droplets inevitablympact the

wall, increasing the water film. On the other hand, if theapis injected during intake phase the droplets
are dragged by the air flow but great part of the liquid water impacts the wall and the valves. This
phenomenon is described i2%], in which a CFD analysis has been carried out on the sarup s€herefore,

in every case great part of thiejectedwater reactesthe cylinder in vapor form.
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Figure3.11 On top temperature reduction (as absolute) inside runner, at bottom variation of MFB50. Both values in respect to case
without WI. The pressure gap between water rail and intake manifold fixed at 3 bar.
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Figure3.12 On top temperature reduction (as absolute) inside runner, at bottom variation of MFB50. Both values in respect to case
without WI. The pressure gap between water rail and intake manifold fixed at 9 bar.
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Figure3.13 On top temperature reduction (as absolute) inside runner, at bottom variation of MFB50. Both values in respect to case
without WI. The pressure gap between water rail and intake manifold fix&® dar.
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4 Combustion Model

This chaptermpresentsthe development of a combustion model able to compute the proper Spark Advance
to obtain a target of combustion phasing (MFB®Q)every operative condition (speed and Laajd taking
into account the eflect of Water Injection. This work represents the first step in the design of a controller

oriented to WI technologynanagement The main conterstof this chapter hae beenpublishedin [27].

4.1 Calibration Campaign

A dedicated campaign has been planmedthe setup described ir2.1to explore the effects of WI in a wide
operating engine field, focusing on the areas with high knock tendency. Therefore, a grid of operating points
has been defined by 2 levels of loads and 4 engine speeds, as shdahled-1. The load is expressed with

the Net Load (NL) parameter definedeiquation below
00 N1 Qi i o1 ‘- (3)

Where— is a factor that takes into @ount pressure drop within intake runners and valves.

Table4-1 Experimental campaign summary

Engine Speed NL < i

point [RPM] | [bar]
1 2500 1 1 0:0.2:0.8
2 2500 1.00 1 0:0.2:0.8
3 2500 14 1 0:0.2:0.8
4 3000 1 1 0:0.2:0.8
5 3000 133 1 0:0.2:0.8
6 3000 16 1 0:0.2:0.8
7 3500 1 1 0:0.2:0.8
8 3500 13 1 0:0.2:0.8
9 3500 1.6 1 0:0.2:0.8
10 3500 1.8 1 0:0.2:0.8
11 4000 1 1 0:0.2:0.8
12 4000 1.3 1 0:0.2:0.8
13 4000 1.6 1 0:0.2:0.8
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Figure4.1 Calibration operative points

For each operating point the same investigation methodology has been carried out. It consists in the
execution of a specific SA sweep at differemalues that are applied in ascending sequence from 0 to 0.8,

with incremental steps of 0.2. The angular 8&p used in every sweep depends on Knock Limited Spark
Advance (KLSA), and near Knock Limit Spark Advance (nKLSA). Such indexes define the SA angle that cause
a knock tendency close to the safety threshold (KLSA) and close to 60% of the same thrédtedg.(ffhe

knock intensity is quantified as the 9®ercentile of MAP@22]. It is defined as the value below which 98
percent of MAPO index values are containeda gorted set of consecutive combustions. The threshold for

this index is defineds
DOovWY —_— (4)

The first element$Afirs) of each SA sweeagp defined as beloywnless the limit on maximum exhaust gas

temperature is exceesd:
Y6 QQI DO Hi-Q (5)

In which:

1 SAbasas the calibration value of SA
1 The 3 CA offset has been arbitrarily assumed as the average value of combustion delay related to a
step of 0.2
In conclusiorthe SA sweeps are carried out with the following specifications:

1. Angular steps of 3CA froBAfirstto nKLSA
2. Angular steps of 1Afrom nKLSA to KLSA
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This methodology has been conceived to obtain a wide vision of WI effects on MFB50 and, at the same

time, to investigate with more accuracy all combustion indexes near the KLSA area.

4.2 WI Combustion Model

Experimental data has been prased, point by point, to analyse the relationship between SA and MFB50,
for each tested value. For a single spark sweep, the most appropriate fitting function to analytically describe
the relationship between SA and MFB50 is the quadratic polynomialgady shown irFigure4.2. Such
figure displays some spark sweeps for different values of parameteighlighting the influence of such
parameter on the trend thatould be identified in the absence of water injectidrherefore, a parabolic

function (Eqg.6)can define polynomial fitting of the SA on MFB50 domain.
YO @0 0D T @b 0d T ® (6)

This analysis allows to conceive a WI Combustion Model that gsesthe RPM, NLt and the target of
MFB50as inputs,to compute the corresponding SA to be appliddhe base concept is to calculate the
parameters a, b and c¢ of the parabolic function and investigate the analytical dependence of each parameter
from the r value. Three different methods have been designed to buaildch model, and the respective
performances hae beenevaluatedby comparing experimental and modelled $he fitting quality has been

guantified for each proposed method by evaluating the correlation coefficient.

2500RPM,70% Load

45 I ® r=0 exp
m— r=0 fit
40 ® r=0.2exp
=0, 2fit
35+ ® r-0.4exp
— r =0.4 fit
30 r=0.6 exp
% w— 1 =0.6 fit
25t r=0.8exp
r =0.8fit
20 1
o \ 1
10 ! ! !
0 5 10 15 20

MFB50

Figure4.2 Parabolic fitting of the SA trend with respect to MFB50, for the engine poirdateazed by NL=1.2 and RPM=2500, and
for different waterto-fuel mass ratios. It is an example of the parabolic trend that links the SA to the MFB50 for fixed operating
conditions
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4.2.1 Polynomial Model

Through the parabolic fitting of MFB50 and SA data foheawjine point and for each value mthe three
coefficientsa, b, ¢, (called Parabolic Coefficients), have been identified. Each parameter has been fitted with
a polynomial function of RPM and NL (Net Load), for each valuerbe resulting equatiorof a, bandcis

the following:
06£QQIQ YOO 00zn YOO Oz YO 0zZR (7)

Whereny ,n ,n ,n ,n ,are called Surface Coefficientsgure4.3 showsall the resulting surfaces, for
r=0.

Every single surface is described by a set of 5 Surface Coeffigienasd eachcoefficientfeatures a quite

constant slope im domain as displayed iRigure 4.4so it can be fitted with a linear function:
n ¢ 127Q (8)

Whereé¢ is the constant term and the curve slope.

1

o -2
3
05
5000 , o = :
2000 15
RPM NL

Figure4.3 Fitting surfaces of thparabolic coefficients in (RPM, NL) domain, for T¥@&calibration points are displayed as red dot.
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Figure4.4 Fitting of surface coefficients by linear function.

Figure4.5 shows a block diagram of the model based on polynomial fitting, relating the SA to the MFB50
target, for different combinations af RPM, and NL (i.e., the model inputs)
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Figure4.5 Wl Combustion Model layout
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4.2.2 Effects Separation Methodld

To verify the possibility of reducing the computational load and the allocated memory, other two

implementation methods of the MFBSBA opeHoop combustion mdel have been investigated.

The first one is the simplest and fastest one, where the effects of watérel ratio, described by the
parameter r, are considered to be independent of speed and load. With this method, the mean surface for
r=0.5 of parametrs a, b and c has been calculated and it has been defined as the reference between all

surfaces obtained for the different r valudsidure 4.6).

4 S 0.5
5000 )
4000

3000
2000 15
RPM 1000 2 NL

Figure 4.6 The calculated surface of parameter a, for r=0.5

Every coefficient has then been identified for all values of parameter r, for each engine point. Such values
have been normalized with respectttoe value which corresponds to r=0.5. The final trend is then described
by the mean of the normalized values. In this way, such curve represents the gain of the related parameter
which adapts the reference parameter value when r is different from 0.5tfee normalized curves are
discretized as arrays called Ka, Kb, Kc, with r as inpligumne4.7 the trend of Ka for each engine point and

the mean curve are shown.
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Figure4.7 From top: Normalized curve Ka, Kb, Kc

In other words, the final approximated coefficient value can be recovered by multiplying the gain identified
by the injected water masswith the respective value of the same parametena0.5, which depends on
the engine point (RPM, NLEigure4.8 showsa block diagram of the model based futli mono-dimensional

effects separation.
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Figure4.8 Combustion model with Separation Effedd1

4.2.3 Effects Separation Methods[2

Ly GKAa OF&asSz + RSAINBS 2F O02YLX SEAGE A& | RRSR (2
Kb and Kc as twdimensional functiongjepending on r and on another influent parameter, chosen between

NL and RPM. To identify the most influencing factor, every coefficient has been disptagaght two
different representations, for each engine point. First, as surfacesRiPM domain, andecond, as surfaces

on r-NL domain. For both representations, a normalization over the 0.5 r value has been investigated, and
the mean of all normalized surfaces has been computed and displayed. The comparison between the two
representations highlights &t NL has more influence on surface gradient than RPM. Thus, in this method
the gain has been replaced by @2matrix with NL and r as inputs. Figure 9 shows a block diagram of the

model based on patrtial effects separation

8000

6000
4000
2000

RPM 00 r

Figure4.9 Average surface Ka on ¥domain (left) and on RP¥Idomain (right).
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Figure4.10 Combustion model with Separation Effedd2

4.2.4 Comparison by Correlation Coefficient

Toevalud S GKS I OOdzNF 08 2F SI OK YSGiK2RX GKS NBtl GAGDS

definedby the following equation

" of5  —2B

(9)

Where:

1 As the array of the computed SA values by the differeethods
1 B is the array of experimental SA values

T * and, arethe mean and standard deviationAf

1 ° and, arethe mean and standard deviation®f

As shownirTable I GKS LRfeay2YAlf YSGK2R LINPRdzOSa be&nS KA 3
selected for control implementation. Alsthe choice was relatively simplgecause in this phase of the

project the computational burden of the controller has not been considered as a hard constraint.

Table4-2 Correlation Coefficient values for the three different methods used to define the combustion model. The green box
highlights the best result and the corresponding method.

Eff. Sep.| Eff. Sep.
2-D 1-D
0.99 0.97 0.91

Method | Polynomial

4.3 ModelValidation

The accuracy of this Combustion Model can be evaluateobtmexperimental setups. The performanice
obtaininga MFB50angle from a target value ithe TSI setupwill be highlightedin Chapter7, when the
experimental validation of the overall controllaiill be presented.The setupdescribed ir2.2 has alsdeen
used for an analysis of model response on a wide datalfdeecalibration dataset is displayedliable4-3,

and the valiétion dataset is displayed fable4-4.
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Table4-3 Calibration dataset

RPM Net Load
1500 1.2
2000 0811216
2400 0811216 2
3000 0811216 2
3600 0811216
4000 0811216
4400 0811216
5200 081 1.2
Table4-4 Validation dataset
RPM Net Load
1500 0.7 1.1
2500 0.53 0.87 1.36 1.8
3500 0.56 0.91 1.38 1.86
4500 0.6 0.98 1.38 1.89
5500 0.6 1.34
2.2
2 @
® ®
1.8
16 @ @ @
Net
Load 14 ® ® ® °
1.2 @ @ @ @
®
1 L L o —— @ —
® ®
0.8 » L L ® ® ®
®
0.6 o
0.4 r T
1500 2000 2500 3000 3500 4000 4500 5000 5500
RPM

Figure4.11 Calibration points (blue dots) and validation points (red dots)



To estimate theaccuracyof the mode| the error between the SA applied during a single experimental
recording (or single engine point) and the SA computed by the model calibrated by thdafieset is
considered In Figure4.12 it is displayed a comparisasf the SA errors computedn calibration andon
validation pointsin the figure greatpart of theerror of the calibration data staithin 1 CA. The validation
data shove a similar responsexcept for the point with Net Load below 0.8 and for a groaoptests(inside

the green circle) affected by registration error.
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Figure4.12 Comparison between validation points (left) and validation points (right).
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Figure4.13 Focus on validation points for combustion model for Cyl1
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Figure4.16 Focus on validation points for combustion model for Cyl4
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In Figure4.13 through Figure4.16 the SA errors of the validation points excluding the ones inside the
operative areabelow NL=0.8re displayed. The SA error is mostly within CA alsdn validation points,

except forthe setat lower Net Loadhan thecalibration field(seeFigure4.11).
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5 Water InjectionCombustion Control

The definition of a combustion model able to compute the SA required to reach the MFB50 target at a specific
r, allows a WI combustion controllased on a&ombustion phasingargetto be design In this chapteila
complete description of the development process of the controller is provided. Thefgba! final controller

isoriented to knock mitigation at high loads, while keeping MFB50 at its optimum value.

In the first version, the controller is able to reach a MFB50 target with an Open Looptlagquiring as
inputs the waterto-fuel mass ratio (r) and the MFB50 targEtr this reason, two lockp tables (one for r

and one for MFB50) have been defindila secondtep, a CL operates to maintain the measured MAPO98
close to the threshold, with a statistical approach (MAPO98 is the 98th percentile of the MAPO distributio
considered in the given buffer of MAPO valueghidl version of the CL controller has also been developed.
Such algorithntancontrol also the MFB50 by closing the loop on its measurement, to overcome errors of
the combustion model and to meet the @et. In this stage MFB50 measurement is achieved by indicating

measurement system.

The performance of th8 algorithms are evaluated simulating several steady state engine points and several

transient conditions.

5.1 Open Loop SA Management

The develope®L branch requires a MFB50 target map and a r map, both based on RPM and NL (Net Load),
to provide the necessary inputs for the combustion model. The first one provides the MFB50 target angle,
and the secondhe nominalr valueto be actuated The model reeives these 2 inputs together with RPM

and NL and computes the proper SA to achieve the target.
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The 2 maps (MFB56), arecalibrated with the same methodology for alktinvestigated experimental
points. The calibration methodology consists of three steps. At finstrequired SA angles to target the
optimum MFB50 (arbitrarily fixetb 8°CA ATDE)are computedby processing the related parabolic

function (Eqg. 10)for all injected water masses, for each experimental pdtgiires.2).
Y6 o @0 0b T obod T © (10)

Where:

1 a, bandcare the coefficients of the parabolic functi@A=f(CA¥or ar value and for a fixed engine
point
1 SApis the spark angle which guarantees i€B5Q,:
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Figure5.2 SA Maximum Brake Torque (MBT) deterrioraprocedure.

Then theMAPO98raluescorrespondingo optimum SAare determined byevaluating the exponential

function, one for each value (coloured curves irigure5.3):
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Where:
1 go,fandkare the parameters of the exponential functitdAPO98=f(SAjor ar value and for a
fixed engine point
1 MAPQO98,:is the MAPQO98 value tdined for theMFB5Qp:
At last optimal MAPO9&alues are fitted with anothgparabolicfunction, described byext equation on
the r domain (red curve irFigure5.3), and through intersection wittMAPO98&hreshold(KL, inFigure5.3),
it is possibldo evaluate the milmumr value that guarantees a permissitMAPO98 (equal to 0.2 in the

example shown ifrigure5.3, where the corresponding SA MBT is also highlighted):

i a 000 Wy E0O0OY a (11)

Where:

1 m, nandl are the parameters of the parabolic functiornf(MAPQO98&,), for each engine point
1 rmapis the minimunr value which allows respecting tiAPO98,

8
7 | Ropt=0.20586, SAmbt=24.2823
6 L
@
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O 4+
% r06
= 3t
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2= === = =2 ==
[ ]
1 _—-—‘r'k -
10 20SAMBT 39 40 50

SA[°CA BTDCF]
Figure5.3 R map determination and related SA MBT.
Whenthis valuesaturates at maximumvalueallowed (arbitrarily fixed at 0.8)a spark retard is necessary

to guarantee knock reduction. Thus, a n84& angle must be defin¢gq.12)n the intersection between

the exponential MAPO98 function calculated fef.8and knock thresholdHigure5.4, where SA ACT does
not correspond to SA MBT
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Yo o Q (12)

Where:
1 gos, fosandkos are the parameters of the exponential functidAPO98=f(SAdr r=0.8 for a
specific engine point
1 SAis the spark advance actuated to obtain a MAPO98 equal to the threshold
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Figure5.4 SA determination, when r is saturated to 0.8.

As a result, théVIFB50 magprovides the optimum valueefual to8CA ATDIE whenr <0.8 and a delayed

value whenr = 0.8. The experimental data demonstrate that this circumstance is never verified, and the
parameterr does not saturate to the maximum value. Consequently, the MFB50 target is equal£oS8TDC

on the entire operating fiel{6]. Moreover, the experimental testsalie been carried out at the highest load

for the tested engine speeds. Thus, for the operating filed characterized by lower load levels, the choice of a
MFB50 target equal to 8 is absolutely legitimadtberesultingr map for the mean cylinder is shownkigure

5.5. The consequent MFB50 target map within the explored range and for lower loads becomes a constant

equal to 8.

After defining a map, an investigation onemefit related to WI in terms of Brake Specific Fuel Consumption
has been carried out. The analysis starts from the evaluation of the BSFC related to some of the calibration
points used on TSI setupgble4-1) atr=0 condition and considering an AFR mapped value to keep knock
level under the predefined threshold 6 0 @ (Chapter4). For each of these operative points
defined by RPM and Net Loatle experimental BSFC values (recorded with stoichiometric AFR) have been
fitted by a 29 order polynomial function of and MFB50 anglelin this way, the BSFC obtained applying the
mappedr value is knownThanks to the water injection, the same knock threshold can be obtainedawith

stoichiometric andlie benefit can be seen Figure5.6 Figureb.7 and inTable5-1.
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Figure5.6 BSFC evaluation. Blue dots represent the base condition without WI, the red point represasethith active WICC

Table5-1 BSFC obtained in case of no WI (experimental data) and in case of activated WICC (simulation data)

BSFC (without WI)| BS-C(activated
Net Load RPM [g/KWh] WICCJg/kWh]
1.2 2500 260 257
1.4 2500 294 267
145 | 3500 293 270
18 3500 332 273
13 4500 202 290
155 | 4500 340 273
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Figure5.7 Ultimate r Map employed in the control system
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Figure5.8 Ultimate MFB50Map employed in the control syste

Outside the operative field explored during the experimental campaignt theptrend has been linearly
extrapolated considering a maximum value of 0.8 and a minimum value of 0. After having defimed the
value to apply on a wider operative field, the M¥eBarget map has been prepared. Using a GT model

(described in Chaptes) the function ofd 6 0 & is obtained considering the relative targetrdbr all
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the points withinthe map operativefield. Then the’YO0 value and the related MFB50 angle are computed
for each point completing the MFB50 target m3je resulting surfaces are showrFigure5.7 and Figure
5.8.

5.2 dosed LoopManagement orknocklIntensity

The controller is also composed by a CL contribufitve first version of such closéabp controller manages

the MAPO98, computed from MAPO measured cycle by eyalm-cylinder pressure signal, by applying
corrections to r and SA outputs. Basically, the implemented algorithm is based on a Proportibheakgral

(PI) control system, which has been evolved to freely split the entire correction between the two levers on
which the controller can act. The error between the measured MAPO98 and the corresponding threshold is
translated into a proportional andhtegral correction through a gain scheduling PI structure. The resulting
sum of two contributions is then converted in a percentage value which represents the total amount of the
correction (Total Percentage Correction, TPC) which is required by trersyet that specific operating
condition. Such correction is then converted into r and SA variations, with-dgfireed logic. In this way,

the TPC allows also to define a common reference to manage the two available actuators to control knocking
events.When a r correction is applied, the OL chain compensates the final r value with the SA calculated by
the Combustion Model, since the r correction is considered as input to such model. If thetoftet ratio

(r) reaches its saturation value (arbitraridgfined), to further reduce knocking a SA correction is also applied

by the CL controller. Complete controller scheme is showsigare5.9

Knock Index
threshold ]—Efrror
Knock Index | KNOCK PI |

(Indicating) dSA CL=dSAknock
r/SA
Correction
Management
—— D
dr
CL
r Mapped water inj. o + R
> Map 'v
RPM Wi ’
> »| MFB50 MFB50 target Combustion
.| Map Model
Load

Figure5.9 WI Controller: OL on MFB50 CL on Knock
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5.2.1 r/SA Correction Management

The controller management of r and SA correctioocesses the TPC and the aim of this system consists in a
correction of water irgcted to maintain the knock index on threshold value.td¢ same time, the
combustion phasing can be guaranteed by teatribution of the model. This approach allows phasing and
knock tendencyo be independently managedn fact, every correction apptieonr is compensated by the
model that correcsthe SA instargneoudy in Ol to obtain the MFB50 target. In this way, even if appliesl

constantly modified by knock CL, the phasing control system is not affected by delay and error related to PI.

As mentioned before, the mitigation effect provided by water injection becomeiective over a certain
value. This is due generally tcetfact that combustion becomes too much diluted and unstable, and further
increment of watesfuel ratio can be dangerous for the integrifthe enginecomponents Therefore, as the

r Map features a saturation over 0.8, also tteorrection is limited ta maximum value. When the saturation
value is reachedhe control system reaches the maximum benefit achievable from the WI and the only way
to mitigate knock is sacrificing efficiency, for this reatomr/SA Management swit@sto a new strategy.
Instead ofmaintainingthe MFB50 targeby correctingr, this time the controller must keep the maximum
valuer while the knock is maagedby moving the MFB50 tharsko the SA CL brancd$Aknock Thus, the

overall strategy can be summarized?isases:

1. Lowrequested Knock AIPQblack arrow irFigure5.10):
- r=rtarget + drCL
- SA= SA Modéby MFB50 target)

2. Highrequested Knock HAIPQred arrow inFigureb5.10):

- r=rtarget + drCL (saturated value)

-  SA=SA Model + dSAknock

An interesting additionahdvantage of this approach is the possibility to optimize the watarsumption
since in case of excessive water injection (knock index below threshold) the controller can adjust the waste

by reducing ther value. This leads to a reduction of overall water consumption.

In Figure5.11 a representation of/SA Management lagut is displayed. The knock PI corsista gain
scheduling to produce the Total Percentage Correction. The TPC becomes the common iap8Aasplit
system. The split is performed using twZmaps to manage separately@l and dSAknockhere is also a

dynamic low threshold as fast ceuation for critical single knock eves{MAPOcc). This block can quickly
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force the TPC to the highest vallgchanging the response from case 1 to case 2 in order to stimulate a fast

reaction to face the abnormal knock event.
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Figure5.10r/SA Management
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Figure5.11r/SA Management layput

5.3 Closed Loop Management on Knock Index and MFB50

The CL chain has been further developed and it has been integrated with an algdwdthevaluates the SA
corrections needed to respect the MFB50 target. In other words, the second version of the Closed Loop
branch can calculate the SA variations alsethuce the error between the measured MFB50 (obtained from
in-cylinder pressure signal) and the target one, which is the output of the map implemented within the OL

chain.

51



The MFB50 values are filtered with a moving average, to avoid the signal osuiliegiosed by the Cyele

Cycle Variation (CCV) and to prevent a consequent unstable controller behawieuidea is to create a
second TPC related to MFB50 error (MFB50TPC), which defines the SA correction only when the engine works
in not-knocking oripght-knocking conditions. In particular, the MFB50TPC cannot be increased when the TPC
related to the MAPQ98 error is over the level which activates SA correction for knock mitiggtien.
complete layout of the second version of the Water Injection baSethbustion Control is shown Figure

5.12

@—“_‘
hreshol
threshold + Kl error
Knock Index - | KNOCK PI I
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Figure5.12 WI Controller: CL on MFB50 CL on Knock

The strategy of this v version off/SA Management is displayedhigure5.13.
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Figure5.13r/SA Management layput

MFB50 Error

v

v

With suchapproach the final SA correction is always a sum of two contributteorsthisreason,a hierarchy
between dSAknock and dSAmfb must be defined. The solution adopted is shéwguiie5.13. When the

knockTPC is increasingly close to the threshold which discriminates between acceptablet-@odeptable
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knock level, the nmimum MFB50TPC is progressiviidyced to Q So, with an appropriate calibration of the
vectorthat defines the SA correction with respect to MFB50TPC, it is then possible to have two controllers
that act corrections on spark advance (the first based on MAPQ98 error and the second on MFB50 error)

without conflicts.

The new/SA Management strategy cdre summarized as seen before:

1. Low requested Knock PPC:
a. r=rtarget+ drCL
b. SA=SA Mod¢by MFB50 targety dSAmfb
2. Highrequested Knock AIPC:
a. r=rtarget + drCL (saturated value)
b. SA=SA Model + dSAknacSAmfb (only if <0)

The hierarchyavoids the conflicts between dSAmfb and dSAknockitbedan have an effect on the intedra
branch of PI when the correction is forced to move tovea@dd In fact, ifduring the transition from low
requested knock TPC to high knock THCcorrection is liried downstream of Pl blogkhe integral part

will raise and MFB50 TPC will reach to maximum value. Therefore, whkndbk tendencyand also knock
TPCyecreases the system can be unstabtadéfdSAmfb is restored toquicklybecause of the too advaed

value of final SAFor this reason, the hierarchy has been designed without a simple step between the case 1
and 2, but features a slope to gradually lead the actual dSAmfb from original value to the saturated one.

R splitting M
0.3 dR splitting Map 1

Annotations denote columi

-40 -20 0 20 40 60 80 100
knock TPC

Figure5.14
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In a next configuration, this strategy has been simplifiedtead of featuring a hierarchy, #tle dSAmfb

branch, including the PI computatipcan be frozen when knock TB@itches from case 1 to case 2 and can
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bereleaSR Ay (KS 2L aAiGS O2yRAGAZ2Y ® theyfnstdbiity descrbéde >

before.

In Figure5.18the Simulink layout of this new version is shawThe red line represents the knock TPiRis
signal goes to both (ddSA) splitting blocks. Ate same timethe signal goes to 2 switch blocks: one face
the integral step to be null and the other repeats in memory loop the value of dSAkBotk blocks switch

at value 60 of knock TPC, the same threshold that defines the transient between low and high knock

correction.

Figure5.18Partial Simulink layout of the last version aVICC.
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6 Softwarein the Loop

Two versions of the WIChe first featuring MFB50 Open Loop and Knock Closed Loojh@sdcondone
featuring both MFB50 and knock Closed Ldwve been tested and validated via Software in the Loop (SiL)
simulations.As reported in R7], the controller has been coupled with a medonensional meastylinder

engine simulator which includes the WI, the CCV and a knock nasdabwn inFigure6.1. Such simulator
consists in a GT Power model of the experimental setup, in which the combustion model has been calibrated
via Three Pressure Analysis (TPA). The GT model has been also donvef@ast Running Model (FRM), to

test the controller in Realime (RT). Nine different engine points have been simulated, covering almost the
entire boosted operating field. Of course, the lowest loads points have been neglected, because of the
absenceof knocking events and the consequent controller inactivity. The quality of the simulations results is
defined through the Bquared index. Moreover, the simulations with the first version of the contrater (

one with the CL only on thknock intensity, are also a validation of the reliability of the Combustion Model,

because the accuracy on the MFB50 target is ensured only by the OL chain.

Figure6.1 Simulink Lay ousf Engine Model. The G®Bwer modelof the mean cylindehas been highlighted in reahd the knock
models has been highlighted in yellow.
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Figure6.2 TSI Simulator (blue block) coupled with WICC, Simulink code.

6.1 Fast RunninGTPowerModel

The GT Power model of the TSI engine has been convertdgaist Running Model. Thisocedure consists

in the reduction of engine model complexity, mainly through the combination of single ducts in parts with
larger volumes. On the contrary, the combustion model and the intake and exhaust valves and ports are
not modified, and this allow® maintain the predictive capabilities of the detailed model. While the
accuracy of some ducts signals (like pressure and flow rate waves) is partially lost, the entire conversion
process can be driven by the tolerance (imposed by the user) that hasnmaimtained for some

combustion indexes (like maximumaéglinder pressure, MFB50, etc.). In this way, the detailed model can
be easily adapted for RT simulations. Also, the WI modelling has been modified to be in accordance with

the new ducts configuratn.

As accurately described jA1] the WI system has been modelled with two injectors, where the first is a
Port Water Injector (PWI) and the second is a Directéatjector (DWI). Through the calibration of
parametersthat define how the injected water mass is split between such injectors, the water vapor
guantity and the angular duration of-tylinder water evaporation can be correctly reproducAtso,the

WI modelling has been modified to be in accordance with the new ducts configuration.
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6.2 Calibratiorby Simulated data

The modelling of the engine coupled with a simulation of CCV and knock led to the possibility tajoiatdin
more data, simulating severaiperative points in the same field used during experimental campaitjese
simulated data have been used to perform a more precise calibratisgheofombustion modelAdopting
the same approach described in Chapter 4 for each point, the three parabelificients (a,b,c) that define
the model have been computeds shown irFigure6.3, each parameter can be fitted with a surface on RPM
and load domain in theame way as the experimental dataurthermore, irFigure6.4 it can be seen in which

way the waterfuel ratio modifies the surface of one parameter (a) in a more &ffeavay.

Using this simulated database, the combustion model has been calibrated again to pt#réosaftware in
the loop process. During the process, a first attermgdibration has been carried out for the gain scheduling

and management of TPC (for kakoand mfb) by dr Map, dSAknock Map, dSAmfb and its hierarchy.

Figure6.3 Simulated parabolic parameters a, b, ¢ for r=0, provided by simulation
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Figure6.4 Simulated parabolic parameter a at different r values, provided by simulation

6.3 Simulation Results

The FRM has been appropriately compiled and it has been consequently implemente®ioasibnulation
environment. The first simulations allow the best badtion parameters set for the CL controller be
identified. They have been carried out for different engine points, in steady state and in transient conditions.
During such simulations the PI controller applies r correctibasare then added taghe map value, and CL
contribution is not saturated above a specific value. This means the final r can assume too high values. Of
course, this is not representative of a real application, in which the maximum r is certainly much lower, but
such strategy #ws studying the PI behaviour on r and SA corrections also for high load conditions. It is
important to accurately calibrate the CL parameters on the entire operating fiekigure6.5, Figure6.6,
Figure6.7, and Figure6.8, the results of simulations with the first version of the Water Injection based

Combustion Control (characterized by the CL on MAPQO98) are collected, for two different engine points.

In Figure6.6 and Figure6.7 it has been simulated a medium NL condition and the CL works only with r
corrections. InFigure6.8 a high load engine point has been simulated and during the firstsyBles it is
possible to highlight the protection action with a SA decrement, due to a high MAPO cycle. For small errors
on MAPQ98 the Pl manages the water mass and for high eitramgroduces also SA variations. The r
corrections can have also a negatisign, to reduce the mapped water mass when the recorded MAPO98 is
lower than the thresholdRigure6.5). The CL parameters set has been chosen to guarantee a goedtiom

stability and, at the same time, fast responses during transiéfggire6.9 shows a transient simulation and
during the rising ramp the CL is able to mandgeknock intensity only with r corrections. first four figures

the error between the mean MFB50 and the map value (the target) is due to inaccuracies of the Water

Injection based Combustion Model used in the opy@op controller, which are quantified ti the Root
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Mean Squared Erroifable6-1 collects the RMS&f the controller on the MFB50 and MAPQ98 targets for
each simulation, because they represent the indetted allow to quantify the controller robustness. The
errors are evaluated excluding the firsts cycles, due to the MAPO98 and MFB50 buffers which are filling and

do not produce coherent values.

2520 . . T . . T . . EE"‘" 14306

2510 1.4305

2500 1.4304

2430 MY | 1.4303

2420 L : MUY L il H . L 1.4302
00

a 50 100 150 200 250 300 350 400 450 500
cycles

Figure6.5 Steady state simulation results for engine point 2500 RPM, NL 1.43. Five subplots show (from top to bottexi); RPM
cycleto-cycle recorded MAPO, MAPQO98 and the MAPQ98 threshold;taygylele recorded MFB50, mean MFB50 ahd
corresponding target, the actuated r and the r correction calculated by CL chain, the actuated SA and the SA corrdatieah lzalcu
the CL chain.
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Figure6.6 Steady state simulation results femgine point 3500 RPM, NL 1.37. Five subplots show (from top to bottomyNREtle
to-cycle recorded MAPO, MAPO98 and the MAPO98 thresholdt@yglele recorded MFB50, mean MFB50 and the corresponding
target, the actuated r and the r correction cdlied by CL chain, the actuated SA and the SA correction calculated by the CL chain.
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Figure6.7 Steady state simulation results for engine point 4500 RPM, NL 1.33. Five subplots show (from top to bBiexi); R
cycleto-cycle recorded MAPO, MAPO98 and the MAPO98 threshold;tayslele recorded MFB50, mean MFB50and the
corresponding target, the actuated r and the r correction calculated by CL chain, the actuated SA and the SA corrdatieh lzalcu
the CL chain.
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Figure6.8 . Steady state simulation results for engine point 4500 RPM, NL 1.54. Five subplots show (from top to bottext): RPM
cycleto-cycle recorded MAPO, MAPQO98 and the MAPQ98 thresholé;tayycle recorded MFB50, mean MFB50 and the
corresponding target, the actuated r and the r correction calculated by CL chain, the actuated SA and the SA corrdatied loalcu
the CL chain.
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Figure6.9 Transient simulation results. Five subplots show (from top to bottom):-IRIEMyclego-cycle recorded MAPO, MAPO98
and the MAPO98 threshold, cyttecycle recorded MFB50, mean MFB50and the corresponding target, the actuated r and the r
correction calculeed by CL chain, the actuated SA and the SA correction calculated by the CL chain.
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Table6-1 Root Mean Squared Errors for the validation simulations with the first version of the WI based CombustionT®entrol.
mean value of the RMSE on mean (by moving average) MFB50 represents the accuracy of the Combustion Model.

RMSE RMSE
Engine Point MFB50 MAPQO98
[°CA] [bar]
RPM 2500
NL 1.43 1.81 0.55
RPM 3500
NL 1.37 2.55 1.24
RPM 4500
NL 1.33 2.10 0.63
RPM 4500
NL1.54 1.61 0.81
RPM 2004500
2000 1.75 4.02
NL 0.81.7-0.8
Mean 1.96 1.45

Results of simulations with the second version of WICC (characterized by CL on MAPO98 and MFB50 target)
are shown inFigure6.10, Figure6.11, Figure6.12 and Figure6.13. The CL on MAPQO98 parameters values

does not change, but during these simulations the final SA correction is the sum of two contributions (from
MAPQ98 and MFB50 CL controllers). The posifiveoBections are accepted only when the TPC is under a
predetermined value. InFigure 6.12 it is possible to highlight negative and quick SA corrections in
correspond@ce with a cycle characterized by a high MAPO level. In fact, in such simulation, the high MAPO
value produces a high lower saturation of TPC, which is translated in an upper saturation of MFB50TPC to
manage measured knock levels. This system avoids aleff €L responses. In both figures it can be clearly

seen that the MFB50 target is reached by the control system, thanks to the closed loop corrections evaluated
by the MFB50 CL controller.

Figure6.14 shows the transient simulation resaltluring which the controller is able to maintain the mean
MFB50 on the corresponding target. The CL calibration parameters have been set on values which guarantees
fast responses ahe controller to have quite fast responses also in few simulated cycles, at the expense of
the best stability. The Table 5 collects the RMSE for all simulations. The values highlight the reduction of the
error on the MFB50 target.
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Figure6.10 Steady state simulation results for engine point 1500 RPM, NL 0.95 with the CL on MFB50. Five subplots show (from top
to bottom): cycleto-cycle recorded MAPO, MAPO98 and the MAPQO98 thresholdt@ylele recorded MB50, mean MFB50 and
the corresponding target, the actuated r and the r correction calculated by CL chain, the actuated SA and the SA alodetiet c

by the CL chain.

2520 . . . . . . . . nM 1 1.4306
2510 - 1.4305
2500 1.4304
2490 1.4303
2480 L L L L L L L 1.4302
50 100 150 200 250 300 350 400 450 500
20 T T T T T T T T ° mapo cc
= === mapo98 thr
g 10 = mapo98 sim
0 S
0 50 100 150 200 250 300 350 400( =+ CA50cc
30 T T T T T T T T CA50 mean
— - e CA50 map
520 ° X . Py b o o ®eas ®.0%e0 %o ® M O
2 .10 4 ry o9 o-‘, e o® o o ® g . o o
0 1 1 1 1 1 1 Il 1 Il
0 50 100 150 200 250 300 350 400 450 500
1.5 T T T T T T T T T 1
1 m— aCt 0
s dr P|1D
0'5 1 1 1 1 1 1 1 _1
0 50 100 150 200 250 300 350 400 450 500
40 T T T T T T T T T 10
30 915
20 m—— SA act 0
10 == dSAPID | -5
0 1 1 1 1 1 1 1 1 1 _1 0
0 50 100 150 200 250 300 350 400 450 500
cycles

Figure6.11 Steady state simulation results for engine point 2500 RPM, NL 1.43 with the CL on MFB50. Five subplots show (from top
to bottom): cyclego-cycle recorded MAPO, MAPO98 and the MAPQO98 thresholdt@yslele recorded MFB50, mean MFB50and
the correspondig target, the actuated r and the r correction calculated by CL chain, the actuated SA and the SA correction calculated

by the CL chain.
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Figure6.12. Steady state simulation results for engine point 3500 RRPIML.62 with the CL on MFB50. Five subplots show (from top
to bottom): RPMNL, cyclgo-cycle recorded MAPO, MAPQO98 and the MAPO98 thresholdit@ylele recorded MFB50, mean

MFB50and the corresponding target, the actuated r and the r correctionlaidby CL chain, the actuated SA and the SA correction
calculated by the CL chain.
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Figure6.13. Steady state simulation results for engine point 4500 RPM, NL 1.3 with the CL on MFB50. Five subplots show (from top to

bottom): RPMNL cycldo-cycle recorded MAPO, MAPO98 and the MAPO98 thresholdi@gylele recorded MFB50, mean MFB50
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and the correspnding target, the actuated r and the r correction calculated by CL chain, the actuated SA and the SA correction
calculated by the CL chain.

Figure6.14. Steady state simulation results for engine point@5®PM, NL 1.3 with the CL on MFB50. Five subplots show (from top to
bottom): RPMNL cycldo-cycle recorded MAPO, MAPO98 and the MAPQO98 thresholdia@ylele recorded MFB50, mean MFB50
and the corresponding target, the actuated r and the r correctmioutated by CL chain, the actuated SA and the SA correction
calculated by the CL chain.

Table6-2
Engine Point RMSE MFB5( RMSE MAPO98
9 [°CA] [bar]
RPM 1500
NL 0.957 0.17 0.87
RPM 2500
NL 1.43 0.32 1.89
RPM 3500
NL 1.62 0.62 1.04
RPM 4500
NL 1.3 0.45 0.93
RPM 2004500
2000 0.88 2.34
NL 0.881.490.88
Mean 0.49 1.41
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