
1

Development and Application of Development and Application of 
Design Techniques for Design Techniques for 
Industrial ApplicationIndustrial Application

Silvio SimaniSilvio Simani
Department of Engineering, University of FerraraDepartment of Engineering, University of Ferrara

Via Saragat, 1. 44100 Ferrara (FE) ITALYVia Saragat, 1. 44100 Ferrara (FE) ITALY
Ph: +39 0532 97 4844. Fax: +39 0532 97 4870Ph: +39 0532 97 4844. Fax: +39 0532 97 4870

URL: www.ing.unife.it/simaniURL: www.ing.unife.it/simani
Email: ssimani@ing.unife.itEmail: ssimani@ing.unife.it

Development and Application of Design Techniques for Industrial Development and Application of Design Techniques for Industrial ApplicationApplication 23/08/200723/08/2007Silvio SimaniSilvio Simani 22

Control of EGR/TVA of a Control of EGR/TVA of a 
Diesel EngineDiesel Engine

A Process Model Identification for A Process Model Identification for 
Controller Design ApproachController Design Approach

Development and Application of Design Techniques for Industrial Development and Application of Design Techniques for Industrial ApplicationApplication 23/08/200723/08/2007Silvio SimaniSilvio Simani 33

Project Goals: OverviewProject Goals: Overview

Design of a control scheme for commercial (HD) Design of a control scheme for commercial (HD) 
diesel engines (boats, ships, farm tractors, ...) diesel engines (boats, ships, farm tractors, ...) 

Diesel engine modellingDiesel engine modelling
Control system strategyControl system strategy

Diesel engine Diesel engine analyticalanalytical descriptiondescription
Estimation of engineEstimation of engine submodelssubmodels, maps, maps
SubmodelSubmodel parameter calibrationparameter calibration

Electronic Control Unit (ECU)Electronic Control Unit (ECU)
Control scheme implementation  Control scheme implementation  
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Project Goals: DetailsProject Goals: Details

System IdentificationSystem Identification

Modelling and CalibrationModelling and Calibration

Control theoryControl theory

• Diesel Engine

TheoryTheory
ApplicationApplication

Automatic procedure for:Automatic procedure for:

ControlControl--oriented model developmentoriented model development
Component description, analysis and synthesisComponent description, analysis and synthesis

Performance optimisationPerformance optimisation
Static (Static (e.g. e.g. mapmap tuningtuning))
Dynamic (Dynamic (i.e. i.e. dynamic control)dynamic control)
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The Diesel EngineThe Diesel Engine
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The Diesel EngineThe Diesel Engine

Ignites fuel without spark Ignites fuel without spark –– instead uses the heat ofinstead uses the heat of
compression to exceed the ignition temperature of a fuelcompression to exceed the ignition temperature of a fuel
Capable of using a wide variety of fuelsCapable of using a wide variety of fuels

Diesel, Kerosene, Jet Fuel, Residual OilsDiesel, Kerosene, Jet Fuel, Residual Oils

Is the workhorse of the heavyIs the workhorse of the heavy--duty transportationduty transportation industryindustry
Current designs expected to last 1 Current designs expected to last 1 –– 1.5 million miles if properly1.5 million miles if properly
maintainedmaintained

Fuel efficient, lowFuel efficient, low--maintenance, dependablemaintenance, dependable
Flexible, dependable, durable, efficient, costFlexible, dependable, durable, efficient, cost--effectiveeffective
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Diesel CombustionDiesel Combustion
Textbook combustion has only two exhaust byTextbook combustion has only two exhaust by--
productsproducts

COCO22 and Hand H22OO
Unfortunately, life is not like a textbookUnfortunately, life is not like a textbook......

Diesel is not pure carbon and hydrogen:Diesel is not pure carbon and hydrogen:
•• sulphur, nitrogensulphur, nitrogen

Air is not pure oxygenAir is not pure oxygen
•• nitrogennitrogen

Engine combustion happens at high temperatureEngine combustion happens at high temperature
and high pressureand high pressure

A perfect environment to form many chemicalA perfect environment to form many chemical compoundscompounds
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Diesel UsageDiesel Usage

Nearly all trucks, buses, trains, small shipsNearly all trucks, buses, trains, small ships
Good fuel efficiencyGood fuel efficiency
Lower greenhouse gas emissionsLower greenhouse gas emissions
ReliabilityReliability

Enormous size range:Enormous size range:
30 to 30,000 kW (40 to 40,000 hp)30 to 30,000 kW (40 to 40,000 hp)

Usage has increased significantly in last 30 Usage has increased significantly in last 30 
years.years.
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Diesel Engine EmissionsDiesel Engine Emissions
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OnOn--RRoad oad HHeavyeavy--DDuty uty EEnginesngines
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Diesel EmissionsDiesel Emissions
Particulate Matter (PM)Particulate Matter (PM)

A product of incomplete combustionA product of incomplete combustion
Diesel PM is a Toxic Air Contaminant (TAC) and is Diesel PM is a Toxic Air Contaminant (TAC) and is 
thethe largest single carcinogen in ambientlargest single carcinogen in ambient aiairr

Oxides of Nitrogen (NO + NOOxides of Nitrogen (NO + NO22 == NONOxx))
NONOxx is a product of high temperature combustion: is a product of high temperature combustion: 
thethe higher the peak combustion temperature the higher the peak combustion temperature the 
moremore NONOxx formedformed

•• Direct exposure to NODirect exposure to NO22 is harmfulis harmful
•• NONOxx contributes to ozone formation contributes to ozone formation andand direct exposure direct exposure 

toto ozone is harmfulozone is harmful
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Diesel Emissions (ContDiesel Emissions (Cont’’d)d)

Diesel engines also emitDiesel engines also emit
Volatile Organic Compounds (VOC) which Volatile Organic Compounds (VOC) which 
can becan be Toxic Air ContaminantToxic Air Contaminant and can also and can also 
lead to ozone formationlead to ozone formation

Carbon Monoxide which is a poisonCarbon Monoxide which is a poison

Sulphur dioxide (SOSulphur dioxide (SO22) which can form ) which can form 
sulphuric acidsulphuric acid
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Emission Reduction StrategiesEmission Reduction Strategies

Reducing PMReducing PM
Improve combustion efficiencyImprove combustion efficiency

•• inincrease peakcrease peak combustion temperaturecombustion temperature

Reducing NReducing NOOxx

Reduce peak combustion temperatureReduce peak combustion temperature

Reduce PM, VOC & COReduce PM, VOC & CO
Precious metal catalystPrecious metal catalyst
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Emission Reduction Strategies (ContEmission Reduction Strategies (Cont’’d)d)

Engine design changesEngine design changes
Combustion chamber designs to maximize air/fuel mixture and miniCombustion chamber designs to maximize air/fuel mixture and minimizemize local local 
hot spotshot spots
Air handling (Air handling (e.g.e.g. turboturbo--charging, valve timing)charging, valve timing)
Cooled Exhaust Gas Recirculation (EGR)Cooled Exhaust Gas Recirculation (EGR)
Injection timing (retard/advance, rate shaping)Injection timing (retard/advance, rate shaping)

Exhaust afterExhaust after--treatmenttreatment
PMPM

•• % Control % Control ++ Diesel Oxidation CatalystDiesel Oxidation Catalyst + Filters+ Filters
NNOOxx

•• % Control % Control ++ CatalysisCatalysis + EGR+ EGR
VOC & COVOC & CO

% Control % Control ++ CatalysisCatalysis
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(Emission Reduction: Fuels)(Emission Reduction: Fuels)

AdditivesAdditives
e.g. e.g. Precious and nonPrecious and non--precious metals (platinum, precious metals (platinum, 
cerium)cerium)

Low sulphur dieselLow sulphur diesel
Water emulsionsWater emulsions
Alternative FuelsAlternative Fuels

Natural gasNatural gas
BioBio--dieseldiesel
PropanePropane
EthanolEthanol
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Gasoline EngineGasoline Engine Pollutants (U.S.)Pollutants (U.S.)

PollutantPollutant Metric Tons in 1990Metric Tons in 1990
COCO 37.737.7
NONOxx 7.57.5
VOCVOC 6.46.4

PbPb 2.22.2
PMPM 1.51.5
SOSOxx 1.01.0
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Gasoline Engine Gasoline Engine vs. vs. Diesel EngineDiesel Engine
Heavy Duty VehiclesHeavy Duty Vehicles

For the same power output, only 70% mass compared to For the same power output, only 70% mass compared to 
gasoline enginesgasoline engines
Lower COLower CO22 emissionemission
Lower operating cost, 2/3 of an equivalent gasoline truckLower operating cost, 2/3 of an equivalent gasoline truck
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Diesel Engines Diesel Engines vs. vs. Gasoline EnginesGasoline Engines

Mostly on HDV (Heavy Duty Vehicles)Mostly on HDV (Heavy Duty Vehicles)

AutoignitionAutoignition of diesel fuel atof diesel fuel at highigh h compression (and compression (and 
temperature)temperature)

Diesel fuel is heavier, less volatile than gasolineDiesel fuel is heavier, less volatile than gasoline

Engine operates leanEngine operates lean
Low CO and VOCLow CO and VOC

HighHigh NONOxx and PMand PM
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Diesel Engine Emissions andDiesel Engine Emissions and
Pollution ControlPollution Control
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AirAir--toto--Fuel (Mass) Ratio (AFR)Fuel (Mass) Ratio (AFR)

CC88HH1616 + 12 O+ 12 O22 + 45.1 N+ 45.1 N22 8 CO8 CO22 + 8 H+ 8 H220 + 45.1 N0 + 45.1 N22

(AFR)(AFR)stoichstoich = 14.7 grams air/grams octane.= 14.7 grams air/grams octane.
Note:  Air is 79 mol% NNote:  Air is 79 mol% N22, 21 mol% O, 21 mol% O22..
Equivalence Ratio (ER) = (AFR)Equivalence Ratio (ER) = (AFR)actualactual/(AFR)/(AFR)stoichstoich..
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Pollutant Formation Pollutant Formation vs.vs. AFRAFR
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Emission ControlsEmission Controls

Control AFR at ER of 0.98Control AFR at ER of 0.98--0.99.0.99.
ComputerComputer--controlled fuel and air injection controlled fuel and air injection 
ratesrates

FourFour--Stroke Engine DesignsStroke Engine Designs
Chamber designs that induce swirlChamber designs that induce swirl

StratifiedStratified--charge engine (two chambers per cylinder)charge engine (two chambers per cylinder)

ExtraExtra--leanlean--burn engine (rich at plug, lean in cylinderburn engine (rich at plug, lean in cylinder
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Emission Control StrategiesEmission Control Strategies

Adjust AFR, Adjust AFR, i.e. AMF (Air Mass Flow)i.e. AMF (Air Mass Flow)
Exhaust Gas Recirculation (EGR)Exhaust Gas Recirculation (EGR)

Note:  diesel engines are currently being Note:  diesel engines are currently being 
designed for emission control.designed for emission control.

Adjust compression ratioAdjust compression ratio
Adjust surfaceAdjust surface--toto--volume ratio of chambervolume ratio of chamber
Adjust spark timingAdjust spark timing
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Adjust (AFR) & AMFAdjust (AFR) & AMF

TradeTrade--offoff
(quantitative picture)(quantitative picture)
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AMF controlAMF control
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EGR Principle...EGR Principle...

Diesel engine is not cleanDiesel engine is not clean
Emissions of:Emissions of:

Particulate Matter (PM)Particulate Matter (PM)
Nitrogen oxidesNitrogen oxides

Depend on combustion temperatureDepend on combustion temperature
Diesel flame...Diesel flame...
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The Diesel FlameThe Diesel Flame
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The Diesel Flame (ContThe Diesel Flame (Cont’’d)d)
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NONOx x andand PM ControlPM Control
1)1) AMF (Air Mass Flow) controlAMF (Air Mass Flow) control
2)2) Reduce Flame TemperatureReduce Flame Temperature

EGREGR
Oxygen is dilutedOxygen is diluted:: lower peak flamelower peak flame temperaturetemperature
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NONOx x andand PM Control (ContPM Control (Cont’’d)d)

Diesel Engine w/o EGRDiesel Engine w/o EGR Diesel Engine with EGRDiesel Engine with EGR
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NONOx x andand PM Control (ContPM Control (Cont’’d)d)
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Diesel TechnologiesDiesel Technologies
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Diesel Technologies 2002Diesel Technologies 2002-- 20062006

Exhaust Gas Recirculation (EGR)Exhaust Gas Recirculation (EGR)
PlumbingPlumbing
CoolerCooler
ValveValve
Control and SensorsControl and Sensors

Fuel and CombustionFuel and Combustion
Increased Fuel PressureIncreased Fuel Pressure
Improved Injection ControlImproved Injection Control
Combustion BowlCombustion Bowl
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Diesel Technologies 2007Diesel Technologies 2007-- 20092009

Increased Exhaust Gas Recirculation FlowIncreased Exhaust Gas Recirculation Flow
Additional coolingAdditional cooling
Requires additional boost from turbochargerRequires additional boost from turbocharger

Fuel and CombustionFuel and Combustion
Injection system and bowl optimisationInjection system and bowl optimisation
Advanced combustionAdvanced combustion
Low sulphur fuel in placeLow sulphur fuel in place

Active Particulate FilterActive Particulate Filter
Post injection or secondary injector forPost injection or secondary injector for regeneration regeneration -- fuel fuel 
penaltypenalty

Crankcase Ventilation SystemCrankcase Ventilation System
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Diesel Technologies 2010Diesel Technologies 2010--??????

Fuel and CombustionFuel and Combustion
Possible improved strategies for reduced inPossible improved strategies for reduced in--cylindercylinder emissionsemissions

NONOxx AftertreatmentAftertreatment
Selective Catalytic Reduction (SCR)Selective Catalytic Reduction (SCR)

•• SCR CatalystSCR Catalyst
•• Urea Injection SystemUrea Injection System
•• DiagnosticsDiagnostics
•• OnOn--Vehicle Urea TankVehicle Urea Tank
•• Urea distributionUrea distribution
•• Vehicle operation limited with no ureaVehicle operation limited with no urea

LeanLean NONOxx AbsorberAbsorber
Unlikely candidate for HeavyUnlikely candidate for Heavy--Duty vehiclesDuty vehicles
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Engineers will always make doEngineers will always make do……
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Diesel Engine ModellingDiesel Engine Modelling
for Controlfor Control
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ControlControl--Oriented Oriented Diesel Engine ModellingDiesel Engine Modelling

System DescriptionSystem Description
Engine Modelling and ValidationEngine Modelling and Validation

GreyGrey--box approach  box approach  
•• Engine Map DesignEngine Map Design
•• Engine Parameter IdentificationEngine Parameter Identification

BlackBlack--box approachbox approach
•• Fuzzy modelling and identificationFuzzy modelling and identification

Control Scheme DesignControl Scheme Design
Open ProblemsOpen Problems
Further StudiesFurther Studies

Development and Application of Design Techniques for Industrial Development and Application of Design Techniques for Industrial ApplicationApplication 23/08/200723/08/2007Silvio SimaniSilvio Simani 4040

System OverviewSystem Overview
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System CharacteristicsSystem Characteristics

Multivariable systemMultivariable system
Strongly non linearStrongly non linear
Heavily coupledHeavily coupled
Few measurements available onFew measurements available on--boardboard
No measurements of performance variables No measurements of performance variables 

((e.g., e.g., torque,torque, emissions)emissions)
Virtual sensors???Virtual sensors???
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Diesel Engine SchemeDiesel Engine Scheme
Main InputsMain Inputs

Engine speed (Engine speed (NN))
Fuel flow rate (Fuel flow rate (wwfuelfuel))
Intake TemperatureIntake Temperature
EGREGR
VGTVGT

Main OutputsMain Outputs
Intake manifold pressure (Intake manifold pressure (pp11))
Air Mass Flow AMF (Air Mass Flow AMF (wwc1c1))

Control VariablesControl Variables
EGREGR
TVATVA
VGT (not used here!)VGT (not used here!)

TVA
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EGR/TVA Control ObjectiveEGR/TVA Control Objective

The objective is to operate the The objective is to operate the 
TVA & EGR valves in a way TVA & EGR valves in a way 
such that the engine meets the such that the engine meets the 
driverdriver’’s torque demand and s torque demand and 
optimiseoptimise NONOxx emissions while emissions while 
avoiding visible smoke avoiding visible smoke 
generationgeneration

This can be achieved by This can be achieved by 
regulating Aregulating Air ir Mass Mass FFlowlow (AMF) (AMF) 
and the fraction of exhaust gases and the fraction of exhaust gases 
in the intake manifold to the in the intake manifold to the 
corresponding setcorresponding set--points.points.
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Dynamic Model and AssumptionsDynamic Model and Assumptions

LumpedLumped--parameter, timeparameter, time--based, nonlinearbased, nonlinear equationsequations, , ““graygray--
boxbox”” models, models, parameterparameter and and mapmap estimation estimation 
Uniform thermodynamic propertiesUniform thermodynamic properties
Homogeneous mixtures of air and combustion (ideal)Homogeneous mixtures of air and combustion (ideal) gasgas
StoichiometricStoichiometric combustion of air and fuelcombustion of air and fuel
Heat transfer effects neglectedHeat transfer effects neglected
Flow through restrictions modelled as isentropicFlow through restrictions modelled as isentropic compressible compressible 
flowflow
Diesel model interconnected subsystemsDiesel model interconnected subsystems
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Diesel Engine ComponentsDiesel Engine Components
GreyGrey--Box ModellingBox Modelling
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MATLAB MATLAB ®® //SIMULINKSIMULINK®® LibraryLibrary

ControlControl--oriented simulation modelsoriented simulation models
MATLAB MATLAB ®® / SIMULINK/ SIMULINK®® environmentsenvironments
Easy to useEasy to use
Reduced simulation timeReduced simulation time
Control design, test, performance assessmentControl design, test, performance assessment
Final tuning and calibrationFinal tuning and calibration
RealReal--time applicationstime applications
Diesel engine test systems Diesel engine test systems 
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System ModellingSystem Modelling

State parametersState parameters
P, T, P, T, ρρ, c, W, ..., c, W, ...
N (speed)N (speed)
X (chemical X (chemical 
composition)composition)
......

VariablesVariables
......

EquationsEquations
Mass conservationMass conservation
Energy conservationEnergy conservation
Momentum conservationMomentum conservation
Motion quantity Motion quantity 
conservationconservation
State equationsState equations
Transformation Transformation 
equations equations 
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Components & FluidComponents & Fluid--Dynamic Systems Dynamic Systems 

Fluid machines (work exchangeFluid machines (work exchange, , ΠΠ ≠≠ 0 & 0 & ΦΦ = 0= 0))

Restrictions (no energy exchangeRestrictions (no energy exchange, , ΠΠ = 0 & = 0 & ΦΦ = 0= 0))

Heat exchangers & combustion chambers Heat exchangers & combustion chambers 

(thermal exchange(thermal exchange, , ΠΠ = 0 & = 0 & ΦΦ ≠≠ 00))

InIn--Cylinder Processes (thermal Cylinder Processes (thermal && work exchangework exchange, , 

ΠΠ ≠≠ 0 & 0 & ΦΦ ≠≠ 00))
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Diesel Engine LayoutDiesel Engine Layout

Volume and nonVolume and non--volume components volume components 
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Exhaust Gas Recirculation (EGR)Exhaust Gas Recirculation (EGR)

Compressible Isentropic flow + Compressible Isentropic flow + flow coefficient Cflow coefficient Cdd

Valves & RestrictionsValves & Restrictions
InputsInputs OutputsOutputs

ValveValve//
RestrictionRestriction

ValveValve//
RestrictionRestriction
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EGR EGR –– Algebraic EquationsAlgebraic Equations

OutputOutput InputInput

where

where⎪
⎪
⎪
⎪

⎩

⎪⎪
⎪
⎪

⎨

⎧
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Throttle Valve Actuator (TVA)Throttle Valve Actuator (TVA)

wwthth is the flow through throttleis the flow through throttle
From experimental data, the parameterFrom experimental data, the parameterss kk and and AAthth ((αα))
hahaveve to be to be identifiedidentified (also as function of (also as function of NN))

Adaptive mAdaptive mapapss (look(look--up tableup tables)s) or polynomialor polynomialss
It is assumed that tIt is assumed that the downstream pressurehe downstream pressure ppthth
((unknownunknown)) ppthth==ppmanman

Algebric ModelAlgebric Model
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ValveValve SIMULINKSIMULINK®® BlocksBlocks

Valves and restrictions: examplesValves and restrictions: examples

Flow

Pneumatic Valve EGR             Throttle Valve TVAPneumatic Valve EGR             Throttle Valve TVA

EGRx% TVAx%
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Intake Manifold (IM)Intake Manifold (IM)
wwairair : from throttle equation: from throttle equation
wwegregr: from EGR model: from EGR model
wwengeng: flow coming in the engine: flow coming in the engine

xxegregr: : EGREGR percentage coming in enginepercentage coming in engine
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Manifold SIMULINKManifold SIMULINK®® BlocksBlocks

InletInlet
ManifoldManifold InletInlet

ManifoldManifold
+ EGR+ EGR

ExhaustExhaust
ManifoldManifold
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Turbocharger (Turbine Turbocharger (Turbine -- Compressor)Compressor)

IntakeIntake
manifoldmanifold

ExhaustExhaust
manifoldmanifold

Intake manifoldIntake manifold

Exhaust manifoldExhaust manifold

TurbochargerTurbocharger
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Dynamic EquationsDynamic Equations
Manifold mass balanceManifold mass balance

Energy balanceEnergy balance

Turbocharger Turbocharger 
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Engine Modelling IssuesEngine Modelling Issues

Engine subsystems contain unknown terms:Engine subsystems contain unknown terms:
Effective area (valves & restrictions, Effective area (valves & restrictions, i.e. EGR/TVAi.e. EGR/TVA): ): 
AAEGREGR((xxEGREGR), A), ATVATVA((xxTVATVA))
Volumetric efficiency (cylinder): Volumetric efficiency (cylinder): ηηvv((NNee,,PPimim))
Compressor/turbine isentropic efficiencies:Compressor/turbine isentropic efficiencies:
ηηcc((NNtctc,, TTambamb,, PPimim//PPambamb)) , , ηηtt((xxVGTVGT,, NNtctc, T, Temem, P, Poutout/P/Pemem))
Engine temperature: f(Engine temperature: f(NNee,, WWff))

Modelled withModelled with::
–– MapsMaps (1(1--D, 2D, 2--D, 3D, 3--D, D, ……, N, N--D)D)
–– PolynomialsPolynomials (fixed order and coefficients to be estimated)(fixed order and coefficients to be estimated)
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Static Maps (Static Maps (i.e. i.e. LookLook--up Tables)up Tables)

Used for Modelling:Used for Modelling:
Volumetric efficiencyVolumetric efficiency
EGR valveEGR valve
Engine temperatureEngine temperature
... ... 

In MATLABIn MATLAB®®/SIMULINK/SIMULINK®®

Adaptive, self tuning, self Adaptive, self tuning, self 
organising organising 
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Polynomials (fixed order)Polynomials (fixed order)

Used for Modelling:Used for Modelling:
EGR/TVA effective area EGR/TVA effective area 
functionsfunctions
VGT effective areaVGT effective area
Turbine Turbine critical pressure ratio critical pressure ratio 

In MATLABIn MATLAB®®/SIMULINK/SIMULINK®®

The order is fixed The order is fixed a prioria priori
Coefficients estimated via PEM strategy from Coefficients estimated via PEM strategy from 
inputinput--output dataoutput data
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EGR Subsystem IdentificationEGR Subsystem Identification

EGR step variations, TVA constantEGR step variations, TVA constant
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EGR ExampleEGR Example

Polynomial to Polynomial to 
be identifiedbe identified
InputInput--output output 
data from data from 
engine testengine test--
rigrig
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EGR Example (ContEGR Example (Cont’’d)d)

Optimisation results: PEM approachOptimisation results: PEM approach
EstimatedEstimated andand measuredmeasured flowflow

Before optimisation                           Optimised polynomiBefore optimisation                           Optimised polynomialal

EstimatedEstimated andand measuredmeasured flowflow
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Static Maps (Static Maps (i.e. i.e. LookLook--up Tables)up Tables)

Used for Modelling:Used for Modelling:
Volumetric efficiencyVolumetric efficiency
EGR valveEGR valve
Engine temperatureEngine temperature
......

Adaptive lookup tables can incorporate the timeAdaptive lookup tables can incorporate the time--varying varying 
behaviour of physical plantsbehaviour of physical plants
Provide all of the functionality of a regular lookup tableProvide all of the functionality of a regular lookup table
Optimisation via suitable parameterisation & MSE or MSEOptimisation via suitable parameterisation & MSE or MSE--FFFF
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EGR Map with Adaptive LUTEGR Map with Adaptive LUT

InputInput--output dataoutput data
Table initial valuesTable initial values
Recursive MSE Recursive MSE 

InputInput--output dataoutput data
Table initial valuesTable initial values

Recursive MSERecursive MSE
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EGR Map with Adaptive LUTEGR Map with Adaptive LUT

Estimated from inputEstimated from input--
output dataoutput data
RealReal--time applicationstime applications
Validation dataValidation data

This example:This example:
AAEGREGR((xxEGREGR,,NNee))

Adapted Adapted 
lookup tablelookup table
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NNee xxEGREGR
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TVA Subsystem IdentificationTVA Subsystem Identification

TVA step variations, EGR constantTVA step variations, EGR constant
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Examples: Estimated MapsExamples: Estimated Maps
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Mathematical ModelMathematical Model
The model, ignoring some additional dynamics and transport The model, ignoring some additional dynamics and transport 
delays, takes the form:delays, takes the form:
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, α&

ProblemsProblems
Some state and Some state and 
output variables are output variables are 
not measured.not measured.
Many static Many static 
functions (maps, functions (maps, 
looklook--up tables) are up tables) are 
derived from data derived from data 
and do not have an and do not have an 
explicit explicit 
mathematical form.mathematical form.

ExternalExternal
inputsinputs

ControlControl
inputsinputs
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Engine Complete DescriptionEngine Complete Description

RequirementsRequirements
EGREGR
TVATVA
IM/EMIM/EM

Almost done!Almost done!
Cylinders: Volumetric efficiencyCylinders: Volumetric efficiency
Turbine + Compressor: flow & efficiency mapsTurbine + Compressor: flow & efficiency maps
Coolers: efficiency parametersCoolers: efficiency parameters

To be completed: To be completed: lack of the testlack of the test--rigrig
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Engine Complete Description (ContEngine Complete Description (Cont’’d)d)
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Engine Complete Description (ContEngine Complete Description (Cont’’d)d)

IMIM EMEMCylCyl

EGREGR

Turbine+CompressorTurbine+Compressor
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Diesel Engine BlackDiesel Engine Black--Box ModellingBox Modelling
Fuzzy SystemsFuzzy Systems
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Fuzzy Modelling Fuzzy Modelling -- FMIDFMID

Brief OverviewBrief Overview
A cluster is a set of objects that are more similar to A cluster is a set of objects that are more similar to 
each othereach other than to objects from other clustersthan to objects from other clusters
Applications of clustering techniques in pattern Applications of clustering techniques in pattern 
recognition andrecognition and image processingimage processing
Some machineSome machine--learning techniques are based on the learning techniques are based on the 
notion ofnotion of similarity (decision trees, casesimilarity (decision trees, case--based based 
reasoning)reasoning)
Nonlinear regression and blackNonlinear regression and black--box modelling can be box modelling can be 
based onbased on the partitioning data into clustersthe partitioning data into clusters
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FMID FMID –– Problem FormulationProblem Formulation

Given Given is a set of data inis a set of data in RRnn and the (estimated) and the (estimated) 
number ofnumber of clusters to look forclusters to look for
Find Find the partitioning of the data into subsets the partitioning of the data into subsets 
(clusters), such(clusters), such that samples within a subset that samples within a subset 
are more similar to each other thanare more similar to each other than to samples to samples 
from other subsetsfrom other subsets
Similarity Similarity is mathematically formulated by using is mathematically formulated by using 
a distancea distance measuremeasure
Usually, each cluster will have aUsually, each cluster will have a prototype prototype and and 
the distance isthe distance is measured from this prototypemeasured from this prototype
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FMID FMID –– Problem Formulation (ContProblem Formulation (Cont’’d)d)

Fuzzy clustering: Fuzzy clustering: an optimisation an optimisation 
approach subject to constraintsapproach subject to constraints
Uses the Uses the Fuzzy cFuzzy c--Means AlgorithmMeans Algorithm
•• Cluster prototype computationCluster prototype computation
•• Distance computationDistance computation
•• Partition matrix updatePartition matrix update
GustafsonGustafson--KesselKessel AlgorithmAlgorithm
•• Number of cluster optimisationNumber of cluster optimisation
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Clustering Example Clustering Example 

Compatible cluster mergingCompatible cluster merging

From 4 to 3 clustersFrom 4 to 3 clusters
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DataData--Driven BlackDriven Black--Box ModellingBox Modelling

Linear modelLinear model (for linear systems only, limited in use)(for linear systems only, limited in use)
Neural networkNeural network (black box, unreliable extrapolation)(black box, unreliable extrapolation)
RuleRule--based modelbased model (more transparent???)(more transparent???)
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Extraction of Rules by Fuzzy ClusteringExtraction of Rules by Fuzzy Clustering
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Extraction of Rules by Fuzzy ClusteringExtraction of Rules by Fuzzy Clustering

TakagiTakagi--Sugeno Sugeno modelmodel

y = y = aaii x + bx + bii
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Structure Selection and Data ClusteringStructure Selection and Data Clustering

1)1)

2)2)

Development and Application of Design Techniques for Industrial Development and Application of Design Techniques for Industrial ApplicationApplication 23/08/200723/08/2007Silvio SimaniSilvio Simani 8282

Clustering Result ExampleClustering Result Example
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Application to the Engine ModelApplication to the Engine Model

InputInput--output dataoutput data
Engine fuellingEngine fuelling
Engine temperatureEngine temperature
Engine speedEngine speed
EGR commandEGR command
TVA commandTVA command

AMF output signalAMF output signal

FMID for MATLABFMID for MATLAB®® Toolbox by Prof. Toolbox by Prof. 
Robert Babuska (Delft, The Netherlands)Robert Babuska (Delft, The Netherlands)
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Identified Fuzzy Model Identified Fuzzy Model 
Local model order: Local model order: n = 2n = 2
Cluster number: Cluster number: c = 6c = 6

cc & & nn optimised optimised 
via a PEM via a PEM 

iterative cchemeiterative ccheme
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Fuzzy Model PredictionFuzzy Model Prediction

0 200 400 600 800 1000 1200
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1500

Time (s)

A
FR

AMFAMF Prediction vs. SimulationPrediction vs. Simulation
(Note: full or complete simulation)(Note: full or complete simulation)
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Local SubmodelsLocal Submodels
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Model ValidationModel Validation
- Two EGR steps:Two EGR steps:
-- from  0 to 10 from  0 to 10 
-- from 10 to 20from 10 to 20

Intake manifold pressure [Pa]Intake manifold pressure [Pa]

Air mass flowAir mass flow
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Air Path ValidationAir Path Validation
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Control Scheme Control Scheme ““DesignDesign””
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Control Scheme DesignControl Scheme Design
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EGT/TVA ControlEGT/TVA Control

TVATVA

TVATVAEGREGR

BOSCH controller already designed for the diesel engine testBOSCH controller already designed for the diesel engine test--rigrig
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Control Model SimulationControl Model Simulation

Specific setSpecific set--point assigned depending on fuel demand (point assigned depending on fuel demand (WWff) and ) and 
speed (speed (NN). ). 
The controller actuates The controller actuates the the EGR/TVA valves to correct the EGR/TVA valves to correct the 
deviation between actual deviation between actual ((AMF)AMF) and demandedand demanded variablesvariables

AMF][AMFy =
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Set Point GenerationSet Point Generation

Air Mass Flow (AMF) setAir Mass Flow (AMF) set--point is given as function of engine fuelling point is given as function of engine fuelling 
and speedand speed
It is computed to give minimum NOIt is computed to give minimum NOx x and PM emissions without any and PM emissions without any 
visible smokevisible smoke
In steadyIn steady--state, AMF (and exhaust gas fraction) can be correlated to state, AMF (and exhaust gas fraction) can be correlated to 
the system outputs the system outputs (e.g. (e.g. compressor mass flow and exhaust manifold compressor mass flow and exhaust manifold 
pressurepressure) ) through thermodynamic relationships (maps)through thermodynamic relationships (maps)

],[ 1 AMFFy =[ ]manc PW ,
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Simulation and ControlSimulation and Control
FeedFeed--forward + PI controlforward + PI control

TVATVA_FB

TVA_FB
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Simulation in SIMULINKSimulation in SIMULINK®®

Fuzzy ModelFuzzy Model

ControllerController
BOSCHBOSCH

Scheduled PI Scheduled PI 
+ + 

anti windanti wind--upup

Instead of the Instead of the 
real process!real process!

Designed forDesigned for
the real enginethe real engine
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BOSCH Controller StructureBOSCH Controller Structure

IntegratorIntegrator
reset logicreset logic

FF: depends of fuel & FF: depends of fuel & 
RPM. based on AMF RPM. based on AMF 
static map inversionstatic map inversion

EGR/TVAEGR/TVA
switchswitch

Adaptive Adaptive 
gainsgains

Gain Gain 
schedulerscheduler

PIPI
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The main idea is to The main idea is to 
correct the PI gains (correct the PI gains (KiKi
& & KpKp) on the basis of ) on the basis of 
the error value and the error value and 
precompiled static precompiled static 
mapsmaps
Depends on engine Depends on engine 
fuelling, RPM, asp. temp fuelling, RPM, asp. temp 
& tracking error (actual & tracking error (actual 
and desired MAF)and desired MAF)
Fixed thresholds (Fixed thresholds (KiPOSKiPOS
& & KiNEGKiNEG))
Values in [1 Values in [1 –– 1.5]1.5]

Parameter AdaptationParameter Adaptation ((Gain AdaptGain Adapt))
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Multiplies P & I Multiplies P & I 
gains and gains and 
parametersparameters
Example:Example:

““bumplessbumpless””
strategystrategy

Gain SchedulerGain Scheduler
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Simulation Results Simulation Results ((EU Driving CycleEU Driving Cycle))
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AMFAMF
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ControlledControlled and and referencereference AFR AFR 

Large tLarge tracking errors due to valveracking errors due to valvess’’ shutshut--offoff
Valves closed by Valves closed by diesel diesel engine ECU protection logicengine ECU protection logic
AMF controller shutAMF controller shut--off neglected by the optimisation off neglected by the optimisation 
strategystrategy designdesign
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BOSCH Controller EnhancementBOSCH Controller Enhancement

Design StrategyDesign Strategy
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Some ideas and suggestionsSome ideas and suggestions
GainGain--scheduling scheduling –– attractive, conceptually simple methodattractive, conceptually simple method
Local model Local model →→ local controller, interpolationlocal controller, interpolation
Stable designStable design example (mainstream literature)example (mainstream literature)::

Important issue: design of weighting functionsImportant issue: design of weighting functions
Significant gain in performance possibleSignificant gain in performance possible

Controller EnhancementController Enhancement

( )∑
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−=
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1
)()()(&
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Local controller parameters:Local controller parameters:

C = C = DD((GG;;HH))

DD design method (pole placement, optimisation, etc.)design method (pole placement, optimisation, etc.)
HH performance specification (closedperformance specification (closed--loop reference loop reference 
model)model)

Model Model GG weighting functions are usually shared by the weighting functions are usually shared by the 
controllercontroller CC weighting functionsweighting functions

⇒⇒ SubSub--optimal closedoptimal closed--loop behaviourloop behaviour

Possible Controller DesignPossible Controller Design
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Schedule model parametersSchedule model parameters, , design controller design controller 
onon--line:line:

C(C(zz) = ) = DD((gg((zz); ); HH)), , ∀∀zz
Can be Can be infeasible for computationally infeasible for computationally 
demanding design methods, or for methods demanding design methods, or for methods 
requiring interaction of the designerrequiring interaction of the designer

Design optimal weighting functionsDesign optimal weighting functions (off(off--line)line)

Controller EnhancementController Enhancement
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Diesel engine testDiesel engine test--rigrig
Engine model type???Engine model type???

MATLABMATLAB®®/SIMULINK/SIMULINK®®

Calibration, optimisation; model, controller Calibration, optimisation; model, controller 
analysis, simulation and designanalysis, simulation and design

ATI VISIONATI VISION™™
Integrated calibration measurement solution for Integrated calibration measurement solution for 
accessing accessing ECUsECUs
Table calibrationTable calibration
Memory emulation (Memory emulation (microcontrollersmicrocontrollers))
On target rapid prototypingOn target rapid prototyping
MATLABMATLAB®®/SIMULINK/SIMULINK®® interfaceinterface

TechnologyTechnology
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Team/ResourcesTeam/Resources

Resources allocated to this projectResources allocated to this project
2 academics 2 academics 
1 Ph.D. 1 Ph.D. 
1 graduated student 1 graduated student 
3 employees of3 employees of
VM Motors (Cento, Italy)VM Motors (Cento, Italy)
PCs, software, engine testPCs, software, engine test--rig rig 
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Alternative ProceduresAlternative Procedures

Related HD diesel engine control literature:Related HD diesel engine control literature:
ModelModel--based predictive controllerbased predictive controller
HH∞∞ robust controllerrobust controller
Fuzzy controllerFuzzy controller
Neural networksNeural networks
Adaptive observer & controllerAdaptive observer & controller
Sliding mode controllerSliding mode controller
Gain scheduling stateGain scheduling state--feedback + LMI feedback + LMI 
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Suggested ScheduleSuggested Schedule

ScheduledScheduled milestonesmilestones

FOR MORE INFO...
Visit the web page:Visit the web page:
www.ing.unife.it/simani/nlw2007.htmlwww.ing.unife.it/simani/nlw2007.html

2007 Mar Apr May Jun July Sep Oct Nov Dec

Phase 1Phase 1
GreyGrey--Box Engine ModellingBox Engine Modelling

EGR/TVAEGR/TVA
BlackBlack--Box ModellingBox Modelling Phase 2Phase 2

Turbocharger ModellingTurbocharger Modelling Phase 3Phase 3
Controller DesignController Design

20082008--2009 ???2009 ???
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Current StatusCurrent Status

Progress against scheduleProgress against schedule
EGR/TVA description and modellingEGR/TVA description and modelling

Turbocharger modellingTurbocharger modelling

Controller designController design

Delays or difficult issuesDelays or difficult issues
Maps and lookup tablesMaps and lookup tables

GUI and ECU interface (GUI and ECU interface (““byby--passpass”” software)software)

Engine testEngine test--rigrig
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ConclusionConclusion

TVA/EGR controller designTVA/EGR controller design
Diesel engine modellingDiesel engine modelling

Subsystems estimation and calibrationSubsystems estimation and calibration
TVA, EGR, IM and EM (greyTVA, EGR, IM and EM (grey--box) modellingbox) modelling

Application of the existent control law to the Application of the existent control law to the 
identified engine modelidentified engine model

BlackBlack--box modellingbox modelling

Preliminary modelling and simulation resultsPreliminary modelling and simulation results
Future actionsFuture actions
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Further Studies and Open ProblemsFurther Studies and Open Problems

Built up the complete model of a multiBuilt up the complete model of a multi--cylinder HD cylinder HD 
diesel engine with VGTdiesel engine with VGT

Turbocharger and related mapsTurbocharger and related maps
Design the control law and its implementation Design the control law and its implementation 
scheme for the complete dynamic modelscheme for the complete dynamic model

Control law with the real engineControl law with the real engine
oo Closing the loop by Closing the loop by virtual sensorsvirtual sensors??? ??? 
oo Comparison with different control strategies???Comparison with different control strategies???
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