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RESUMO

O Common Rail Syste(€R) € um sistema de injecdo direta de combusdtiiesel em que a
geracdo de pressao e a injecdo sado funcdes sepadiftmente dos outros sistemas de
injecdo. Hoje em dia o processo de calibracdo d8 €Rxecutado manualmente, exigindo
um alto nivel de conhecimento de calibracdo dewl@sce a repeticdo de inUmeros passos se
algum erro € cometido. Além disso, ndo é possigihid um processo exato que leve a uma
calibracdo considerada o6tima. Por esse motivo, iocipal objetivo deste projeto é
desenvolver um método para o controladorRéal Pressureque leve a melhor calibracéo
possivel, economizando custos e tempo. Para o\d#ginento deste método € necessario
primeiro um estudo de viabilidade e conhecimentaldado sobre a teoria de controladores.
Em seguida, ®esign of ExperimentDoE) sera usado. A DoE é um método utilizado para
modelagem de sistemas desconhecidos baseados ef) dajd objetivo é avaliar e otimizar

o0 comportamento do sistema. O passo seguinte zecaitar as medigcdes com um veiculo
utilizando a Unidade de Controle do Motor (UCM) programa INCA 6.2. Em seqiiéncia, é
necessario implementar um programa em MatLab pasendolver critérios para a
otimizacdo. O resultado do calculo dos critériosedgolvidos serdo usados como entrada
para o Advanced Simulation for Calibration, Modeling andptinization (ASCMO) —
ferramenta desenvolvida para modelagem de sistdes®nhecidos baseados em medicdes
do comportamento de entrada/saida do sistema meeste modelo é possivel determinar o
melhor parametro para controlador, achando assmelaor calibracdo para o veiculo. O
sistema utilizado consistira de uma UCM modelo EDQJue sera usada em um Citroen C4
(uma plataforma de demonstracéo, conectada atde/€sntroller Area NetworKCAN) e
Emulator Test ProbgETK). E necessario desenvolver o codigo parautalms critérios e
uma correta estratégia. A estratégia completa ailaracdo devem ser feita em um segundo
carro para concluir os beneficios deste novo métddaresultados esperados sédo reducao de
tempo através da automacédo e DoOE, assim como eeii@balho e reduzir custos. Para
finalizar, é importante ressaltar que o trabalhoofilmizacdo e medicdo pode ser separado,
portanto as medidas podem ser feitas por alguénceahecimento detalhado em calibracdo
e apenas o0 processo de otimizacdo necessitar&si@apespecializado.

Palavras-chave:Rail PressurgTeoria de controladores, Calibragdo com simulag@mcada



ABSTRACT

The CRS (Common Rail System) is an accumulatorifyettion system where the pressure
generation and the injection are decoupled in coispa to other injection systems.
Nowadays CRS calibration process is performed mbnuwagood knowledge of calibrating
the vehicle is needed and numerous steps needeel tepeated when an error is made. In
addition, it's not possible to define a procesg teads to an optimum calibration. Hence, the
main goal of this project is to develop a completethod to reach the best possible
calibration by saving costs and time for the Rad@98ure Governor. In order to develop this
system it is necessary to conduct a feasibilitydgt(to be sure about the measurements
reproducibility) and to get a deep knowledge alibetgovernor theory first. The next step
applies the Design of Experiment (DoE), a method data-based modeling of unknown
systems, with the goal to evaluate and optimize s$ystem’s behavior. After that,
measurements with the vehicle using the Engine rébbmnit (ECU) and INCA 6.2 will be
performed. Then, it is necessary to implement smfwto develop the criteria for an
optimization in Matlab. The results of the critegalculation will be the feed of ASCMO
(Advanced Simulation for Calibration, Modeling a@gtimization) — a tool for modeling the
input/output behavior of unknown systems based aasuring data. With the model
generated with ASCMO it is possible to determine llest parameters for the controller and,
finally, find a good calibration for the vehicleh& system will consist of an ECU model
EDC17 which will be used in a Citroen C4 - platfomemonstrator, connected by a
Controller Area Network and an Emulator Test ProBecode needs to be developed in order
to calculate the criteria and create a propereggsatA complete test program and a calibration
have to be done in another similar vehicle afterdhlibrating parameters in order to validate
the results and conclude about the benefit of kel method. The expected results should
save time through automation and DoE, as well aggmt reworks and reduce costs. At last,
it is important to emphasize the fact that the wrloptimization and measurement can be
divided, so the measurement can be done by somedtheut a deep knowledge in
calibration and just the optimization will need Gfied knowledge.

Keywords: Rail Pressure, Governor Theory, Advanced Simula@alibration
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1 INTRODUCTION

Nowadays the calibration of a Rail Pressure comsrgkery expensive: it needs a long
time and specialized people, and besides thatcdtibration process is manually made.
Trying to reduce the calibration time investigatmgwv methods could be a solution to reduce
time and costs of this calibration. Some studiesuatAdvanced Simulation Calibration
(ASC) had already been done before and the ASQ B#sign of Experiment (DoE) method
is already successfully applied in other contradtesns. But nothing was doing yet about
trying to use this method in the rail pressure @int

Hence, the motivation of this project was to inigede the use of ASC/DoE method
to the rail pressure control. So, with durationoak year, a project started to be executed at
BOSCH Group in the Diesel Gasoline System - El@itr&Controls/ Engineering SW Base
system (DGS-EC/ESB4).

If the results were applicable, they can bring maegefits for the company: through
automation and DoE, this project can save timeygrereworks and reduce costs. Besides
that, it will be possible to divide the current pess in optimization and measurement, so the
measurement can be done for someone without alderpledge in calibration and just the

optimization step will need an engineering work.

General Goal

Developing a complete method to reach the bestilgessalibration by saving costs

and time for the Rail Pressure Governor (RPG).

Specific Goals

» Developing the best criterion to optimize the colr parameters of the rail pressure
control on the vehicle.
» Developing an optimum final strategy:
o Deciding optimum number of operation points.
o Deciding optimum number of measurements points.
o Analyzing how many measurements are necessarychopeant.

» Integrating this method to other vehicle to analyzis usable.
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The diagram shows all the methodology’s stepss Wark can be divided in four big

Figure 1.1-1 Diagram

steps: DoE Plan, Automated Measurement, CriterlauGdion and optimization using ASC.
The development will start with the worst case, bsing just one operation point. After
analyzing the results, the method will be exaninveitt more than one operation point and

more than one project.

1.1 METHODOLOGY

The implementation of the proposed system will beedin following steps:
1% Step: Study of the problem:

The goal is to study about the benefits of thiskvor the customer, increasing the
understanding of the importance and the necess$ithi® work. After that, a study about
governor theory and the methods used at BOSCH Gimuplibrate controllers needs to be
done.

2" Step: Feasibility’ project study:

It's necessary to make an analysis about the repribiity of the measurements.
Reproducible measurements of the system behawaa ezquirement to recognize calibration

data influence.
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Figure 1.1-1 Reproducibility

3" Step: Design of Experiment Plan:

Creation of an experiment plan according to staifaspects. The goal of the DoE
is to have a model-like description of unknown sgs based on measuring data. It requires a

test plan which is a file with parameters to bebtated and all information necessary to do
the initial measurements.

..... .. e
sleitien - @
""" =l L. @

Figure 1.1-2 Design of Experiment

4" Step: Automated Measurement:

With the test plan ready, it is necessary to steasurements. All the measurements
will be done on a proper track (Bosch - Boxberg &cstlwieberdingen test tracks). A Citroen
C4 will be the platform demonstrator: a DV6Mod ErgMVersion V3, 1.6l with CRI 2.5 1600
bar CPC System. To start this step it is necessarymplete knowledge about Bender tool
(developed by Bosch to properly execute the measemestrategy).

MATLAB

ETAS

MATLAB INCA Vehicle

Figure 1.1-3 Automated Measurement
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5" Step: Criteria Calculation:

This is a critical step since it is necessary fid which criterion could be the best to
find a model that gives the best parameters tadkibration.

For that, it will be done a MatLab code to all en& that could be useful. The code
needs to be robust and precise because the sl san be very different from one vehicle
to another and it is necessary cover up the maximtioases. To define the criterion some
models will be designed to describe the influenfceriteria in the system, the result will be a
Pareto-optimum solution. Then, with the Pareto maa@ew round of measurements will be

done to validate all models.

Dyn. Response — Ciriteria

A
a

F.+ — Stabilityt

T.+ —» Dynamic 4

T,

Set Point

Figure 1.1-4 Criteria Calculation

6" Step: Optimization using ASC:

Defined the criterion calculation, the optimizatiosing ASC step follows. For that,
the tool so-called Advanced Simulation for Calimai Modeling and Optimization
(ASCMO) will be used. This step can be dividedhree parts: data-model, optimization and
visualization. With the results of the last stde model will be generated. With this model,
the optimization will be done using sliders, chamggihe ECU-parameters and looking to the

criterion’s result.

Parameter-Criteria Model

Criteria

ECU-Parameters

Criteria
Calculation

Figure 1.1-5 ASCMO

7" Step: Test Program:

12



A complete test program and a calibration in anotiehicle have to be done after
parameter calibration to validate results and aotelwhat is the benefit of this new method.

8" Step: Seminar presentation:

In this step the thesis will be concluded and aeméation will be done.

1.2 STRUCTURE OF DOCUMENT

This document is divided in four important subjed#arket Analysis, Theoretical
basis, Development and Management.

Market Analysis will show what kind of clients thmsoject intends to reach, who is
already working in this area, and what kind of wasks already done in this segment.

The chapter 3 is an introduction about the Theoaktbasis, what is necessary to
know to understand this work. First a brief exptaoraabout how a diesel engine and the
Common Rail System work. Second, what is an En@aoatrol Unit (ECU), and how the
communication between the vehicle and software sqmulator test probe — ETK).
Succeeding that, a description about PID contrdlew it works, how can be calibrated,
what is the effect of each controller and so orfjeiA the text clarifies about the Rail Pressure
control. The next part will explain about all tooised to develop the project.

The chapter 4 presents the project’s developmershdws how all the steps were
developed since the creation of a test plan undélrmethod’s description. It describes what
problems were founded in the way, and all testsrasdits.

The chapter 5 is about the management plan. Arysiabdf risk and costs will be
described, and a business’ plan is presented.

Finally, consideration discussion about this progetd the achieved results, possible
future work to be considered, next steps, a balaficesults, the advantages that the new
method brought to the calibration process, andptistive and negative points of this new

approach.

13



2 MARKET ANALYSIS

Market analysis is the first step of a marketingnpling. Before you start any
business, it is important doing a study about tharenment that your product or service will
be consumed. Clients, concurrency and patent daaays basic items that you should do in
this step.

For a new company to be successful in the markst, df all it is necessary to
analyze who are the potential clients, what thegdner what necessity are you creating for
them. The second point is ‘who is the concurreidentifying threats, opportunities,
weaknesses and strength of competition is a keydoess. And the last point is the patents’
study. It is important to know if there are anyquas that could compromise the right of
usage of any technology or idea.

Following, all these analysis about market willgsesented for the current project.

2.1 CLIENTS
All company in the automotive sector needs a teaonkivg in the calibration
methods. It is not possible to sell a vehicle witha dataset that will enable a smooth

operation of the vehicle.

M BEHR HYUNDAI QD e
e MERITOR

@ ' RENAULT DeLPHI G
TOYOTA

IR{ Rolls-Royce O smart

Nsear PORSCHE @ VOLVO

CITROEN @

=

DAIMLER FIRAT BOSCH ®

Figure 2.1-1 Possible clients
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Hence, every automotive company and its system lieuppare potential clients.
Since the service here presented has as main lgpakduction of time and costs for the
client, it is clearly an attractive business. Thainmpoint is finding ways to make the client
comfortable and safe to invest in a very new serwicthe market. The advantages of the
service here presented must be strong enough te rikek potential client believe that
investing in a new method (that can replace artiagignd known one) is worthwhile. Figure

2.1-1 shows some of the potential clients.

2.2 COMPETITORS

Specialized companies in the calibration area, emegal, are characterized as
medium and large companies that often work excégivor a particular automaker, but
independently. Example of these companies are IAVI. and BEG. Following there is a
brief description about these three companies.

The AVL' is a privately owned and independent for the dswakent of powertrain
with internal combustion engines, instrumentatiowl dest systems. The areas where the
company will generate competition in the servicesaddked here are the technologies of
advanced simulation and instrumentation. In thécaion area the company offers software
so-called AVL CAMEO, whose idea is very similar wthe method described in this project.
However, the AVL works with neural networks theomhe service here presented has the
advantage of a new algorithm to complex system isptd@sed on statistics process. AVL is
a company present in the market since 1946, with af experience with calibration, thus it

will be a strong competitor.

@ BOSCH
Bosch Engineering GmbH AV L

Figure 2.2-1 Concurrent

With 4000 employees, IA¥is one of the leading engineering partners to the
automotive industry whose main shareholder (50%)Vd@kswagen group. Inside the
company there is a sole department working on deveént of new processes and

automation for engines and powertrain calibratidhis company, as AVL, uses neural

! AVL. Available in: <https://www.avl.com/c/documetibrary/get_file?uuid=52d82e99-285b-4077-ac07-
3c3757621c81&groupld=10138> Accessed 13th Septeaiikt.
2 |AV. Available in: <http://www.iav.com/en > Accead 13" September 2011.
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networks theory to model systems. Besides thagstbeen working with calibration of diesel
injection systems since 1989.

And finally, the Bosch Engineering GmBHBEG) is a modern engineering
service provider and a wholly-owned subsidiary of obBrt
Bosch GmbH, present since 1999. Its services camprspecification, functional
development, calibration and software integratiomcluding all tests and

verifications.

2.3 CONSIDERATIONS

In this section was possible to verify that thevger here presented can have a broad
area of activity. Companies all around the worl@dh@artners to develop improvements in
the calibration methods, which mean a lot of po#tntlients. Besides that, the project
described here has an important difference inioglaio the concurrency: instead of using
neural networks, a new algorithm based on statistieories too is the base of the modeling

systems.

® BEG. Available in: < http://www.bosch-engineeridg/en/boschengineeringgmbh/overview/index.aspx>
Accessed 18 September 2011.
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3 THEORETICAL BASES

Following there is a brief explanation of all thebcal bases necessary to understand
this project. How a diesel engine and a commonsystems work, what is an ECU, basics
concepts of control engineering and PID controltew the rail pressure is controlled by a

PID and what tools were used for developing thegegmt.

3.1 DIESEL ENGINE

A combustion engine is an engine where the heattladombustion process are
coupled. In the combustion, fuel’'s energy is coteerto thermal energy and then to
mechanical work. “This mechanical energy movesopstup and down inside cylinders. The
pistons are connected to a crankshaft, and thendgdawn motion of the pistons creates the
rotary motion needed to turn the wheels of a cawdod™.

In the same way as gasoline engine, a diesel ecgimese a four-stroke combustion
cycle: intake stroke, compression stroke, combnostiooke and exhaust stroke. Figure 3.1-1

shows how a four-stroke combustion cycle works.

Intake valve fuel injector exhaustvalve

INTAKE COMPRESSION  COMBUSTION EXHAUST

Figure 3.1-1 Four-stroke engine
Font: Adapted from Encyclopedia Britannica, 2007

First, the intake valve opens up, letting air amavimg the piston down (INTAKE).
Second, the piston moves back up and compresseait{f€OMPRESSION). When the
piston reaches the top, fuel is injected in a geecnoment and ignited, dragging the piston
back down (COMBUSTION). Lastly, the piston moveshdo the top, eliminating the

* Font: How Stuff works http://auto.howstuffworks.com/diesell.htm >. 7th October 2011 accessed.
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exhaust created from the combustion out of the esthaalve (EXHAUST). Remember that it
is the heat of the compressed air that ignitedubk not a spark plug as in a gasoline engine.

Diesel and gasoline engines have some importarferéifces. One of these
differences is about combustion process. In a gesehgine, first fuel is mixed with air in an
intake manifold, so it's compressed by pistons gmited by sparks from sparks plugs. In a
diesel engine, first the air is compressed, and the fuel is injected, no need of a spark plug.
Nowadays, a new technology makes possible the igasehgine have a direct injection too,
that means it is not necessary an intake manifo&fuel is injected directly in the cylinder.

However, the biggest difference is about contrgtligasoline has a quantity control,
a diesel engine has a quality control.

In a gasoline engine, the ratio between fuel anisalways as constant as possible,
but the quantity of fuel-air injected is changirsg the quality is almost constant, what is
controlled is the quantity.

In a diesel engine, however, the quantity of aside the cylinder is always the same
(to each operation point), so quantity is almoshstant, but the fuel quantity injected

changes, which mean the quality of the mixture ballcontrolled.

Gasoline Engine Diesel Engine

External fuel mixture formation Internal fuel mixture formation
Spark ignition Auto ignition

Quantity control Quality control

Constant volume combustion Seiliger process

Homogeneous mixture in  combustipinhomogeneous mixture in  combustion

chamber chamber

Max. engine speed 7000 rpm Max. engine speed 1500...5000 rpm
A=0,7...13 A >1in normal operation

Compression ratie = 8...11 Compression ratie = 14...21
Compression pressure 10...16 bar Compression pressure 25...55 bar
Compression temperature 350...450°C Compression temperature 750...900°C
Max. combustion pressure 30...50 bar Max. combustion pressure till 200 bar
Max. combustion temperature ~2500°C Max. combustion temperature >2000°C
Exhaust gas temperature 600...800°C Exhaust gas temperature 550...750°C

Specific fuel consumption 240...430g/KWh| Specific fuel consumption 160...400g/KWh

_ o Effective degree of efficiencyes up to 53%
Effective degree of efficiency.y to 30% .
(stationary) or up to 43% (passenger car)

Figure 3.1-2 Comparison: Gasoline and Diesel efigine
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Figure 3.1-2 summarize the mainly difference betwg&soline and diesel engine.

Diesel engine’s operation conditions depend onebfit process characteristic
relations. Each operating point thus requires

- The correct fuel quantity,

- At the correct time for the correct duration,

- At the correct pressure, and

- Within the correct temporal course.

The injector on a diesel engine is one of the ntostplex components. It needs to

resist the temperature and pressure inside thedgyliand deliver the fuel in a fine mist.

DIESEL ENGINES

Direct Injection (DI) Indirect Injection (IDI1)

Wall Alr
Distributing Distributing
Process Process

Prechamber Swirl Chamber
Process” Process®

M-process™

Low-swirl or spray- Swirl-assisted multiple
injection precess orifice nozzle process

*Technically antiquated

Figure 3.1-3 Combustion process
Font: BOSCH Group. Basic of diesel technology, iBggin: Steinbeis Transferzentrum, 2008

The combustion process (Figure 3.1-3) can be dividetwo: direct injection (DI)
and indirect injection (IDI). DI principle summaes the process for which there is no
subdivision of the combustion chamber. Figure 34hdws a comparison of indirect and

direct injection methods.

® Font: BOSCH Group. Basic of diesel technology liEgen: Steinbeis Transferzentrum, 2008
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Indirect Injection (IDI) Direct Injection (DI}
prechamber

Pressure requirement Pressure requirement
< 350 bar 1300..2000 bar

e
Inline pump Distributor pump (VP37, 30, 44)
Distributor injection pump Unit Injector System (UIS)

Commaon Rail System (CRS)

Figure 3.1-4 Direct and indirect injection prinapl
Font: BOSCH Group. Basic of diesel technology, iBgsin: Steinbeis Transferzentrum, 2008

The main difference between Direct and Indirecedtipn is the layout of the
injection system. The Indirect Injection System hasnall swirl chamber above the cylinder,
where the fuel is injected. The Direct Injectiorstgyn has the injection nozzle fixed to the top
of the combustion chamber; usually the piston hasoavn shape in the top to create the
needed swirl.

Unit Pump System (UPS), Unit Injection System (U&d Common Rail System

(CRS) are examples of direct injections.

Electrical plug -' =pin 1

High pressure bore

Diaphragm

Hydraulic coupler
Return flow

MNozzle needle

Encapsulated piezo electric actuator

Encapsulated piezo electric actuator

Inlet / outlet throttle and bypass

Figure 3.1-5 Common Rail Injection (CRS3)
Font: BOSCH Group. Injectors injection curves, Egg@n: Steinbeis Transferzentrum, 2008
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UPS and UIS attain the highest injection pressilinese are time controlled diesel-
injection systems, which consist of an injectionmpuand an injection nozzle with an
integrated, fast-switching solenoid valve. The odgifference between both is in their high-

pressure component. Figure 3.1-5 shows one injesixd in the CRS.

3.2 COMMON RAIL SYSTEM

A Common Rail is when the pressure generation hadnjection are isolated from
one another in the accumulator injection systene. iffection pressure is created independent
of the engine speed and the injection quantityhigh-pressure fuel accumulator provides the
fuel for the injection, which means this systenmeddfa lot of flexibility when performing the
injection. Figure 3.2-1 shows a first generatiommon rail system mounted on a 4-cylinder

engine. Figure 3.2-3 shows the common rail.

Figure 3.2-1 Common Rail System
Font: BOSCH Group. Introduction to the CR systessliagen: Steinbeis Transferzentrum, 2008

The high pressure is generated in two stages iassemger car. First the low
pressure pump (presupply pump) intake of the freehfthe vehicle tank and delivery to the
high pressure pump. So the high pressure pumprg®2-2) compresses the supply fuel to a

high pressure.
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. . Inlet valve

- High pressure valve
Cylinder head __

- Piston
— Spring housing
Inner shaftseal - Overflow valve
Outer shaft seal ~ Rolling cylinder

" Cam shaft

Figure 3.2-2 High pressure pump (CP4.2)
Font: BOSCH Group. Electronic control unit concdggslingen: Steinbeis Transferzentrum, 2008

The components of the low and high pressure sysiegnlow-pressure system
(mechanical or electrical pre-supply pump, fuetefilwith water separator and overflow
valve, fuel metering unit) and high-pressure sysigngh pressure pump, high pressure
accumulator/fuel distributor, pressure sensor, ciojes, pressure control valve, pressure
limiting valve and low limiter).

Low pressure bacdkflowy link

Pressure control valve end

&

Rail pressure end

Engine fortification

Figure 3.2-3 Common Rail
Font: BOSCH Group. Electronic control unit concéfgslingen: Steinbeis Transferzentrum, 2008
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Component Description ‘

High pressure pump (HPP) Creates higizjg(r:(teif)iure fuel for the
Common rail (CR) Accumulates the fuel pressure
Metering unit (MeUn) Controls the pump filling /ilrgressure
Pressure control valve (PCV) Controls the rail pues
Rail pressure sensor (RPS) Senses the rail pressure
Injector (CRI) Injects the fuel into the cylinder

Figure 3.2-4 Rail system’s main components
Figure 3.2-4 shows a brief description of the sggtem’s main components.
Figure 3.2-5 shows the hydraulic system overview aofpossible rail system
configuration, it's a dual actuator concept, thaams the PCV and the MeUn are working

together.
PCV Common Rail
Railpressure-
I sensor
LN
1 20 o[ o —
CP3.2 with
MeUn
(WPROP, ZWE)
2
}'J Amuatnrﬁ _E Sensor
Low Pressure Backflow
Delivery 1o Tank
mm High Pressure Injec‘tur (1...6)
— Low Pressure

Figure 3.2-5 High and low pressure system
Font: BOSCH Group. Hydraulics, High Pressure Systesslingen: Steinbeis Transferzentrum 2008.

The Common Rail System principle is a high-pressgeeeration and injection
control independent of each other. The idea isractating fuel at any pressure level in the
rail within the physical limits, so the desireddgjion quantity is always available. For each
engine operation point it's possible select thenhigessure, the injection quantity and the
start of injection with large limits. This possibjlis just in this kind of injection systems; the
other systems are camshaft-driven systems and mgrbaild up pressure if a cam initiates
the pumping procedure.
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Figure 3.2-6 shows the relationship between engjieed and pressure generation. It
IS possible observe that in CR-system the maximtesspre is available in a certain engine

speed range.

bar
Injection pressure at the nozzle
2000
s
? 1600
¢ y
o
1200 /
5 vz,
8 800 //
= 4
400
0 1000 2000 3000 4000 min-
Engine speed

Figure 3.2-6 Comparison injection systems
Font: BOSCH Group. Basic of diesel technology, igsin: Steinbeis Transferzentrum, 2008

There are some different generations of the CREFjgge 3.2-7 shows. CRS Base
(first generation) has a solenoid-valve and thehlpgessure pump compresses the largest
possible fuel quantity each time the pump revollssng a Pressure Control valve (PCV) the
excess quantity which depends on the operationt p@idischarged from the high pressure
circuit and put again into the tank. This processilts in loss of energy (the compressed fuel
is dissipated as thermal energy). The maximum prediat I generation can reach is 1400
bar.

Piezo-valve CR éystem

CRS5.1 2200 bar
CRS Top line
CRS3.0 1600 bar
Solenoid-valve CR System .E:RS:.? 2200 bar
——

CRS2.6 2000 bar

e ¢

CRS2.5 1800 bar

CRS High line

CRS Base line
|m SOP: tb.d. |

Font: BOSCH Group. Development process at Bosab9 20

2007]2008]2009]12010]2011]2012]201312014]2015[2016

Figure 3.2-7 CRS' generations
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The CRS Mid and High Line (second generation) reveptimized solenoid valve
injector, multiple injections and a high pressuwmenp with quantity controlled in advantage
of 1 generation. The maximum pressure is 1600 bar fdrlhe and 2000 bar for High line.

The CRS Top Line (third generation) uses a piedeevand it has improvement in
the control functionality and high pressure pumpe Thew pumps are equipped with an
intake-manifold-side quantity control via a metgrimit. The power dissipation is reduced by
avoiding the superfluous heating of the fuel. FegBr2-8 shows some differences between

second and third generation.

Pressure 200 ...1600 bar 200 ... 2000 bar
Mass of moving

parts (Needle) 19.50 499
Leakage 2,51h 0l/h

Voren = 00 MIS V0, = 0.8...1M/S

Needle velocity Veose = 0,5 MIS  Vgpeo = 0,8...1M/s

Figure 3.2-8 CRI2 x CRI3
Font: BOSCH Group. Development process at Bosab9 20

Piezo-valve: “In the % and 2° generation the injection is controlled by a
magnetic solenoid on the injectors. The hydrauicé used to open and close the
injectors is transmitted to the jet needle by aopisrod. In the "8 generation of
Common Rail for passenger cars, the injector astsatonsist of several hundred
thin piezo crystal wafers. Piezo crystals havesimecial characteristic of expanding
rapidly when an electric field is applied to them.a piezo inline injector, the
actuator is built into the injector body very cldsethe jet needle. The movement of
the piezo packet is transmitted friction-free, gsito mechanical parts, to the rapidly
switching jet needles. The advantages over theieeamhagnetic and current
conventional piezo injectors are a more preciseermgf of the amount of fuel
injected and an improved atomization of the fueti@ cylinders. The rapid speed at
which the injectors can switch makes it possiblegduce the intervals between
injections and split the quantity of fuel deliveredo a large number of separate
injections for each combustion stroke. Diesel eegibecome even quieter, more
fuel efficient, cleaner and more powerful”’. (SWECDEHEEED Available in:
<http://www.swedespeed.com/news/publish/Featuriesépr 272.html> Accessed:
12th September 2011)

25



3.3 ECU

An engine control unit (ECU) is responsible for ttwntrol of the parameters engine
(amount of fuel, starting of ignition, ignition ting and so on). The ECU monitors all inputs

and outputs to have an effective control of thetesysmanaging fuel consumption and

emission.

Sensors

Actuators

ECU

1~

1l

—
e
-

Figure 3.3-1 ECU

The processor needs memory to store the prograrnthandhta. To store the program

and the permanent data is used a non-volatile me(Rtaish). And to store measured values

and calculation variables is used a Random Accesady (RAM).

Int. Flash

JTAG (ETKS)

Figure 3.3-2 Control unit structure LEDA Light (ERT)
Font: BOSCH Group. Electronic control unit concéfgslingen: Steinbeis Transferzentrum, 2008
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3.3.1 History of control unit development

In 1978 Bosch and AMI initialized the developmefttioe control unit for diesel

engines. The table below shows this developmenpaloe years.

nit)

ol

Time  Manufacturer Characteristic Control Unit/Project
1978-81| Bosch/AMI 10 bits BUS M1
Ben Hope 10 bits ADC
2 chip system
1981-88 | INTEL 8051 2 bits bus external | MSA1,M12,S1,M10
2 bits ADC (John Deere)
Timer external
1985-88 | INTEL 8052 8051 with additional| MSAL1 (series BMW)
RAM and timer
1986-90| Siemens 8 bits BUS, 8 bits M7(series Scania and Volvo)
80515 ADC MSAG6(series BMW and AUDI)
Timer and ADC LA3 (series MB)
integrated
1986-87 | Motorola 6805 8 bits BUS ROM type M102 Milan-system (ARA)
1987 INTEL 16 bits BUS Commercial vehicle projects MS3
8096/80C196 | 10 bit ADC MS4,MS5,MSA11 passenger car
High level language C (digital position controller)
1989 Siemens 8 bits BUS, CMOS, | MSA8, MSA11, MSA12
80C517 expanded periphery | (passengers car project with
(basis 80515) PI/HDK)
CAN
1991 Siemens 16/32 bits BUS MSA15 (passenger car control u
80C167 EDC15 (passenger car control unit)
1993 Siemens 16/32 bits BUS MS6.X (commercial vehicle contr
80C167 unit)
1996 Siemens 16 bits (expanded EDC15X (passenger car control
80C167 command set) internalunit)
dual port RAM
internal ROM with 32
bits access
2000 Motorola 32 bits RISC internal | EDC16 (passenger car control unit)
Power PC RAM, FLASH, CAN | EDC17 (commercial vehicle contrg

]

unit)

Figure 3.3-3 Historical development
Font: Bosch Group. Electronic control unit concéfsslingen: Steinbeis Transferzentrum, 2008 adapted

The system complex development is influenced nsit lpy the growth in functions,

as observed in the Figure 3.3-4. Due to the pd#gilmf programming in higher-level

languages, and the related structuring of softwanae space is required for programs and

for data. Besides that, the use of closed-loopeatstof open-loop controls demands more

storage space.

2
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Development of system complexity Storage requirement: program code, data
500 —
F
Growing funcion range kByte ,-f;
_ 400 g
Closed-loop instead of /’ g
open-loop control y
_ 300 ' *’—
High-level language 4
Operating system 200 4
Software structuring // .
Automatic code generation 100 /:, -
_-"_,_..-""" /-f
o1 udl
1988 1992 1996 2000  Year

Figure 3.3-4 ECU storage requirement along thesyear

Font: Bosch Group. Electronic control unit concéfsslingen: Steinbeis Transferzentrum, 2008

The control unit designation was derived from i@mtasks. In the first control units
the only task was to control the mass (M) of thesdi fuel to be injected, which is the reason

they were called M1. Later, the start of inject(&) and the exhaust-gas recirculation (EGR)

were also controlled using the control unit. Aftee release 15 of the control units, the
designations were renamed to Electronic Diesel ©br(EDC) in order to reflect the

increasing importance of electronics in the fielgpassenger cars. With the new control unit

platform, this designation was adopted for comna¢neghicles as well. Figure 3.3-5 clarifies
the control unit designation.

EDC

MSA | X(e.g.15,7) | Y(e.g. V.M)

Y

System variant

V/ = helix-controlled distributor pump
M = solenoid valve contr. distributor pump
U = unit injector (UI, UIS)

C = Common Rail
RB internal sequential number

15, 16 = passenger car

Y 6.X, 7= comm. vehicle

Main functions:

M = quantity control

S = start-of-injection control

A= exhaust-gas recirculation

E lectronic Diesel Control

Figure 3.3-5 Control Unit Designation

Font: Bosch Group. Electronic control unit concéfsslingen: Steinbeis Transferzentrum, 2008 adapted
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3.3.2 Sensors and Actuators

Figure 3.3-6 shows a schematic overview of a ComRaih system with the three
areas sensors, control unit and actuators.

An accelerator pedal sensor (AccPed) is used tatorathe accelerator pedal angle
that corresponds to the torque demand. The AccPatbved by the accelerator pedal using

wiring (formerly it used a rod or a Bowden cable).

enging speed sansor 'U‘— control unit EDC16 C injectors
(crankshaft) ﬂ
P + 2V
phase sensor L e -
{camshaft) ; r:ai' =
aceelerator pedal @_,7 :l!_gml evaliation
tail pressure 1 :g;n%gghs:ﬁpggmsure
boot pressure m?urgl processing _pcﬂ]j’ fuel metering system
air mass = ;T;I‘t!g injection - exhaust-gas recirculatior
air termperature :{a“ meﬁg‘?:g% +—>{EPW | turbo charger
[ — exhausl-gas recirculation
coolant temperature effEl—— -ene'ml?:}que | penci-type glew plug
Terminali5 _— lfme“'ﬂ!']ﬂiﬁﬂ SLLL b
i 3 —immobilizer | electrical fuel pump
] i — system diagnosis aas
. | — substitute funktions
CrCtl control devieeAl—— oo |— @ diagnostic lamp
automatic gearbox 4—| iy Lo i -
ABS/TCS 4—1 4 [ 150K _j&———»{senca tster
AC compressor < --+ options +—>EEM presure control valve
vehicle speed @— —b“ further power stages

Figure 3.3-6 CRS overview
Font: BOSCH Group. Introduction to the CR systessliagen: Steinbeis Transferzentrum, 2008

The Temperature sensor is used for a lot of pugpasd uses a simple temperature-
dependent measuring resistor made of semiconductatgrial. Figure 3.3-7 shows a graphic
with a relation between resistance and temperatmd, the temperature range of some

SEensors.

¥

Resistance [Q] Motor temperature sensor

* Mounted in coolant circuit
* Range =40 ... 130 °C

2 Air temperature sensor
\ * Mounted in fresh air intake
10 \ * Range =40 ... 120 °C
Oil temperature sensor
\ = Calculation of service
interval
102 * Range-40... 170 °C
\ # Fuel temperature sensor

* Mounted in low pressure fuel
\ circuit (usually in filter)
* Range-40 ... 120 °C

¥

102

-40 0 40 80 120
Temperature [°C]

Figure 3.3-7 Resistance curve (NTC)
Font: Bosch Group. Electronic control unit concéfsslingen: Steinbeis Transferzentrum, 2008 adapted
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The engine speed sensor is used to measure theeesygeed and to determine the
crankshatft position or the position of the pistons.

The camshaft position indicates whether a pistowingotowards top dead center
(TDC) is currently in a compression stroke or ahaast cycle. The phase sensor provides
this information to the ECU. To implement this semthe Hall Effect is used.

The Rail pressure sensor shown in Figure 3.3-8 uneashe fuel pressure in the rail.
The fuel pressure is controlled in the closed looptroller and deviations between setpoint
and measured value are minimized using a pressuteot valve (PCV) and a Metering Unit
(MeUn).

Sensor element  Contacts ASIC

——
SOV

Thread Housing Hybrid Electrical plug

Figure 3.3-8 Rail Pressure Sensor
Font: Bosch Group. Electronic control unit concéfsslingen: Steinbeis Transferzentrum, 2008

Besides these sensors, there are the boost pressurglm air mass and lambda
sensor. Hot film air mass measures a partial flbwhe current air mass flow through the air

filter or through the measuring tube. The lambdasee measures the fuel mixture formation

).

3.3.3 Interfaces and transmission protocols
The interfaces provided in the control unit are:
- CAN
- JTAG (calibration control unit for ETKS)
- K-line (not in all Projects)

- Internal control unit address/data bus
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The Controller Area Network (CAN), which was devsd for implementation in
vehicles, is a serial communication interfaceslused in the vehicle for the networking of
electronic control units.

This approach enables a data exchange betweenakegtrol units over the
network, and thus coordinates their functions nedfectively. Besides that, a network with
serial bus systems requires fewer lines and plugtacts to the control unit than the
conventional cable harness.

The Joint Test Action Group (JTAG) interface isuiegd for communication via the
serial emulator test probe (ETK). ETKS is only #dale with an emulator device because
there is no emulator RAM available for emulation.

The third interface is so-called K-line. It sertesexchange data between the control
unit and the diagnostic test unit for measuremeunit tasting purposes, but can also be used

for calibration. The K-line interface is standamtizaccording to ISO 9141.

Interface Protocol  Functionality Comments
CAN Serial Diagnosis Tester | - Limited performance, dependent
CCP Adjust on free transfer bandwidth and
XCP Measure message framework
KWP 2000 - Standard
ETKS (JTAG) Serial Adjust - High Performance Interface
Measure - EDRAM must be available
K-line Serial Diagnosis Tester | - Not available in all EDC17
KWP 2000 Adjust ECUs
Measure - Limited performance
(susceptibility to interfaces
depends on transfer rate)
Address/data | Parallel access Adjust - High performance interface
bus Measure - Modified ECU casing
- Tool Specific

Figure 3.3-9 Overview of hardware interface

Table above shows a summary of the various intesfatheir protocols, and their
functionality. The suitable interface can be sadaciccording to the calibration process and

the control unit resources available.
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The CAN Calibration Protocol (CCP) is used for gemformation transmission via
the CAN bus between the calibration tool and th&rod unit. It is part of the standardization
of application systems (ASAP1) standard.

XCP is a further development of CCP. It is used tioe CAN interface. The
functionality here is the adjustment and the messent.

3.3.4 Calibration Process

In order to meet the various demands, two diffecatibration approaches have been

developed: serial and parallel calibration.

Parallel Calibration Serial Calibration
1 ¥ »
N ’,
ECL
optional
RAM
Y. g
I HW - interface | e
| serial link E
DPRAM _
CAN; K-Ling N—J
ECu | HW - interface |

Processar

-y

¥

Figure 3.3-10 Comparison serial/parallel calibnatio
Font: Bosch Group. Electronic control unit concéfsslingen: Steinbeis Transferzentrum, 2008 adapted

3.3.4.1Serial Calibration

In a serial calibration the data is manipulated tre@lmeasured data is acquired by
communication with the processor. In this case,déia to be calibrated are modified using
one of the serial interfaces (CAN, JTAG or K-linghere are three possibilities for a serial
calibration:

1. Serial Application with Additional Memory (SERAM full data emulation.

2. Dynamic serial application with additional pragming (D-SERAP) - partial data
emulation.

3. SERAP - adjusting by flashing only
32



If the size of calibration data exceeds the sizRAM, then the changed data on the
working page will be saved partly to the RAM. Thkncept is also called partly emulation.
ECU includes code and data, which represent trezamte page. The working page is either
the available RAM of the ECU or an additional mey¢e.g. Emulation Device EDRAM).
By calibration with the concept of partly data eatidn, the working page must be written to
the ECU-Flash very often. This makes some spadhanlimited RAM available for the
calibration for further changes. This concept shalat not all of the calibrated data are
available at the same time.

With SERAM calibration an additional memory (RAMarc be used in the control
unit. When the hardware is initialized, the datanfrthe Flash is copied into the RAM,
whereas FLASH represents the reference page and Fepkésents working page. In this
method is possible switch over between working page reference page during the
calibration process. Copying data from the workpage in the RAM to the reference page in
the Flash is only possible using the Flash funétiion

Microcontroller Peripheral Periphery bus for connection
device of external memory
RAM Interface (RAM/ROM)
RP
Data WP
Flash-ROM
RAM
Code datﬂ Data
Processor

Figure 3.3-11 SERAM
Font: Bosch Group. Electronic control unit concéfsslingen: Steinbeis Transferzentrum, 2008 adapted

With D-SERAP, an area of free memory in the contmakt RAM is used, which is
not allocated to variables. This is used as an atonl memory. The free memory area is
reserved for the calibration. The data is combittedroups. One pointer is used to point at
each of these groups. The pointers, in turn, anedtin a table. During calibration, the free

memory area stores a second pointer table and ahables to be adjusted (fixed values,
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curves and maps). This area forms an image of tikimg page - the reference page still is in
the Flash.

DATA
WP Pointer
Flash-ROM : S Variable
Data e i T
-‘-‘“'"H.‘__h S RAM
. Se
Code |} T DATA
~~~~~~ RP :
T Pointer

Figure 3.3-12 D-SERAP
Font: Bosch Group. Electronic control unit concéfsslingen: Steinbeis Transferzentrum, 2008 adapted

During the start of the calibration session (HWHlnihe pointer table is copied from
the Flash into RAM. The pointer table in the RAMt&fore is a copy of the pointer table in
the Flash and thus it points to the same calibmatadues at the start of the calibration. When
a switchover between the working page and theerts page occurs during calibration, only
the pointer table is exchanged. The calibratiortesyscan only access the page which is
active in the control unit.

If a calibration value is written over by calibragi the control first checks whether
this data set is already present in the RAM. I§ ikinot the case, the group is copied into the
RAM and the pointer in the RAM (working page) is difeed in such a way that it points to
the copy of the group.

The EDC17 uses the overlay technique, for whichethe 8 KBytes (LEDA-Light)
or 16KBytes (METIS) of space available for calibwat These are 16 or 32 x 512- byte
blocks. This is not sufficient for all parameters.

As a result, only a limited number of the paranmsetan be simultaneously adjusted
on the working page in the control unit.

As soon as the first parameter has been adjustedirst block is reserved. After
this, all parameters in the superimposed 512-KByiea can be adjusted. As soon as a

parameter is adjusted, which is not in this supposed area, the next 512- Byte block is
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used. This continues until all 16 blocks have besed. Afterwards, only those parameters
which lie within the 16 blocks can be adjusted.

As soon as another parameter is adjusted, an @oorrs and the adjustment access
on the working page is blocked.

To re-establish adjustment access, a checksumlatdcuor a new initialization of
the connection must be started. If further adjustii@re desired, the control unit must be

flashed with the working page data so that moreejmmade available.

3.3.4.2Parallel Calibration

The calibration hardware (parallel ETKT) is conrekcto the address/data bus of the
control unit. Since the data of a series contral isnstored in the Flash and is thus not freely
configurable, a so-called emulator test probe (EB<)tilized which takes over the function
of the control unit ROM. It emulates the data aseéthe ROM and allows for modification of
the data set. As the data exchange and measurea@néxchange occur in parallel via the
bus, this process is called parallel calibratiohe Tontrol unit doesn’t read the calibration
data from the EPROM, but from the ETK.

First of all, to use an ETK is necessary an EDCIth vwan ECU with sockets
processor. An address-data-bus located in thealaumiit is required for the ETK. A memory
emulator, the processor and an interface to thbraéibn interface are mounted on the ETK
which represents the interface to the calibratigsiesn. The ETK (adapter) is mounted to
processor socket and the memory area of the Flasaining the calibration data is replaced
by RAM. This RAM is located on the ETK and is weitt over from the Flash of the ETK or
from the calibration tool. Since it is a Dual-PB#&M, independent access by the processor
and the calibration tool is possible.

The ETK emulates the control unit data from thesklasing a RAM. Since a RAM
memory can be written and read in the ETK, the databe modified during the execution of
the control unit program. Due to the special desifjthe RAM, read accesses by the control
unit and read/write accesses by the calibratioteaysire possible at the same time.

The ETK contains three memory ranges: working p&e), reference page (RP)
and Flash data. In the moment that the calibrattarnts, a proper data set is used. This data
set is loaded into the ETK Flash and the RP. Duttiegcalibration, data is changed, however
these modifications are only carried out on the kivy page, which means that there is
always a correct data set available on the referpage. If something goes wrong during the
calibration that leads to a critical state, it aspible, with the calibration tool, to switch over

35



from WP to RP. Besides that, handling two pages alfows to perform comparative

measurements.

EDCAT control unit

ETK-cable

ETK

Harness cable

06953

Continuos plus cable

Figure 3.3-13 Linking the ETK-ECU in the calibratisystem (parallel)
Font: Bosch Group. Electronic control unit concéfsslingen: Steinbeis Transferzentrum, 2008 adapted

Before starting to use the ETK, the control unigaks the compatibility:

1% ETK is present or not,

2"* The identification string (ID) in data area (ET)compared with the ID string
in the code area.

3% |f they match, the data from the ETK is used.eottise the data from the ECU
Flash.

4™ The address in the emulation area is written deeprovide the calibration
system with information on which data is active.

The advantages of a parallel calibration with ETié: acomfort, performance and

data integrity at ignition OFF. The disadvantagth&ég an ECU conversion is necessary.

3.4 BASIC CONCEPTS OF CONTROL ENGINEERING

All kind of systems are exposed to changes. Foechrtical system, such as an
engine which is supposed to keep a specific engii@@d on a constant level, disturbances
(like load changes or a change in the internalitn can influence the engine speed. Without
appropriate counter-measures the engine speedtdamhkept constant.

In the control engineering the engine speed iedathanipulated variable, the load
changes as external disturbance variable, fric®mn internal disturbance variable, and the

fuel quantity as correcting variable.

36



Disturbance
variable

Correcting Manipulated
variable ’ variable

SYSTEM

Figure 3.4-1 System (basic concepts)

There are two approaches to control a system: @ilms® and open-loop.
An open-loop control means a process that the mtatigd variable is set through a
predefinition of a correcting variable. The cornegtvariable is determined by environmental

parameters which are not dependent on the mangoulatriable, which means, no feedback

> ref(t) = input
> c(t) = Control signal
> y(t) =>output

takes place.

Figure 3.4-2 Open-loop control

A closed-loop control means a process which theipodated variable is measured
continually and compared to another variable caleddrence (setpoint value). The deviation
between both values is used to influence the méatga variable to adjust to the reference

> > EEE—

variable.

ref(t) = input

e(t) = Error signal

c(t) =>Control signal
y(t) =output

Figure 3.4-3 Closed-loop control

vob vy

Figure 3.4-4 shows advantages and disadvantadestiofipproaches.
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System Advantages Disadvantages

Open-loop Only controlled variables
Fast .
control changes are acquired
Closed-loop | All deviations from the setpoint
. Slow
control value are acquired
Costs due to application effort
General Stability, dynamic and accuracy and sensor system
can be improved Risk of destabilization of stable
systems

Figure 3.4-4 Comparison table

Three keywords for the evaluation of the systemfgperance can be defined:
stability, dynamic and accuracy. Figure 3.4-5, Fgu3.4-6 and Figure 3.4-7 show

gualitatively these three characteristics.
The dynamics describes how fast the system rea@shange of the setpoint or the

occurrence of a disturbance.

rail pressure [p]

time [t]
Figure 3.4-5 Dynamics

The stability specifies whether the system reachesteady state, executes a

permanent oscillation or takes on an unstable.state

rail pressure [p]

time [t]
Figure 3.4-6 Stability
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The accuracy specifies how accurate the set pdinth® controlled variable is
reached in the steady state.

b

— Setpoint

Controller deviation

rail pressure [p]

time [t]
Figure 3.4-7 Accuracy

Since open-loop and closed-loop controls have thdivantages, as showed on
Figure 3.4-4, both methods are used in technicakgays and thus also in EDC.

As an example of systems using open-loop, theteeiBoost-pressure control; the
speed governor and the rail pressure governoraisksed-loop control.

Disturbance
Wariahle
Closed-loop control z(t)
Control
Reference ¢4 __________ Controller output Controlled
variable iComparison § Control Deviation Variahle Variable
]

Reference : elt uit yit) xit)
Variable W) it o L “.‘; ggm;ﬂt Ii Actuator sp| Controlled >
Sensor ; k-;i/'r'— \ System

i .

! Manipulated

' variable

i

]

1

rit) Feedback Variable Measuring

Device

Figure 3.4-8 Control engineering's terms
Font: Bosch Group. Governor technique, basics aptications, Esslingen: Steinbeis Transferzentr2098
adapted

Figure 3.4-8 shows a closed-loop system disasseimbte standard blocks. The
signal w is the reference variable and in the ED Bovernor can be found with the label
Rail_pSetPoint. The feedback variable is calledARaFIt; and the control deviation is the
Rail_pDwvit.
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In control engineering, two different types of amhican be identified: set-value and
follow-up control. On set-value (also known as ulisince value) the controlled variable has
to be kept constant. On follow up control (alsmwn as set point response) the reference
variable (set-point value) changes.

Sometimes is necessary to compare systems respoRsgitatively. For that, is
defined some evaluation criteria (Figure 3.4-9).e3é criteria can be divided between
dynamic and static behavior. The dynamics of taadient response is given by the rise time
and is a measure for the speed. The static behdeguribes the steady state of the system

and is defined via the steady-state control devmataccuracy).

Setpuint%

Maximum overshoot:0 = e, [%]

y [%]

Rise time: t, [sec]

-
=
2
&=
I
I

.................... AT - Settling time: t_,[sec]

/ Delay time: T, [sec]
Steady-state value
Compensation time: T, [sec]
: . 0 _E0,
tion point WP Band width: & [%] (eg. 3-5%)
Steady-state-error: e_,
Damping behaviour: 4, t_;
0 ,"' Dynamic behaviour: t,,, T,
tor | -
: Lo Static behaviour: e,
| 1 1 1 |
0 1 2 3

t [sec] °

Figure 3.4-9 Accuracy in the time domain
Font: Bosch Group. Governor technique, basics aptications, Esslingen: Steinbeis Transferzentr2098

Other way to analyze the response characteristia &fystem is using a Bode
diagram. Basically, a bode diagram is a graphitdeacribes the frequency response function
F(jw). The complex frequency response function candparated according to its absolute
value |F(fp)| and the phase angi¥w). Figure 3.4-10 shows an example.

The amplitude response describes how strong an sigoial is amplified depending
on the frequency. It is a ratio of the output te thput amplitude of a system. In the example
on Figure 3.4-10, the system has higher gainswnflequency. For the gain response, the
amplitude is logarithmically represented. Thus, theltiplication of individual transfer
functions can take place as a graphic additionh@ Bode diagram. Besides that, the
amplitude is not represented as a physical rattbenogarithmic scale, but as decibels (dB =
20.log A).
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Frequency response function F(jeo)

F(jo)=F(jo) | 2" =Re{F (joo)}+ j.Im{F(jw)}

1 . ol
B [FU@ +T jo 1+l _r colef
Amplitude response (abs. valug) Fhase response (phase)
| F(jo)l- lenz{mmm RIGFG@}  wlo)=olrljo) - aun U]

Arnplude [phys]
Phase [*]

10" 10! 1¢ w' 10" 107 w' 10 10’ 10
Froquency [rad/sec) Frequency [rad/sec)

Figure 3.4-10 Amplitude and phase response witimpia
Font: Bosch Group. Governor technique, basics aplications, Esslingen: Steinbeis Transferzentr2093
adapted

The phase response describes the shift of the fietaeen input and output signal.
In the example on Figure 3.4-10, a phase of -9@tlseved, which is typical for a low-pass.

To understand the behavior of a certain systenecessary a knowledge of the basic
elements in control engineering. Next three tablesv the most important standard elements.

Transfer
Element Step Response . Parameters
Function
|k
P G(s)=k Kp: proportionality constant
| ' : G(s) = kis Ki: integration constant
i t = 1/(T;.s) Ti: Time constant
D ‘M G(s) = k.s Kg: differentiation constant
v 5 G(9) =k, +ﬁ Kp: proportionality constant
PI o T W=k S Ki: integration constant
t =k _Tn'5+1 Tn: integral time
TS

Figure 3.4-11 Standard Elements 1
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Element

Step Response

Transfer Function

Parameters

y . .

kp e e G(s) = K, Kp: proportionality

PT, Ts+1 constant
- : Ti: Time constant
v Kp: proportionality

PT, G(s) = T ;D constant

E-S +——.8+1 | o angular frequency
D: damping
v Kp: proportionality
ol k

PTn 5 G(S) - (T il)n constant

/s S Ti: Time constant

n: degree of order

Element

Figure 3.4-12 Standard Elements 2

Step Response

Transfer Function

Parameters

G(s)=e " _
Ty T:: dead time
Td=Tt t
Kj: integration
K G(s) = k-
IT, 1 s.(T.s +1) constant
£ A T: Time constant
Kq: differentiation
DT, G(s) = Ky:S constant
Ts+1

t

T: Time constant

Figure 3.4-13 Standard Elements 3
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3.5 PID CONTROLLER

The proportional, integral and derivative (PID) trofter is the most used feedback
controller. The input of a PID is the “error” vasia which is desired setpoint minus measured
variable.

The PID controller calculation (algorithm) involvésree separate parameters; they
can be interpreted as follows:

P: depends on the present error (fast reaction)

I: depends on the past errors (precise but sloaticeg

D: is a prediction of future errors (damping goweroutput depending from setpoint
changes).

The PID’s transfer function is:

K, K;s*+K s+K,
PID(s)=K,+—"+K, s=—" 4
5

s
Looking to the block diagram on Figure 3.4-3 andsidering the controller block as
a PID controller, e(t) is the error variable. Tkignal will be the input variable of the PID
controller, which will calculate the integral arttetderivative. The output signal y(t) will be
equal to the magnitude of the error multiplied bg proportional gain ¢ plus the integral
gain (k) multiplied by the error integral, plus derivatigain (k) multiplied by the error

derivative.

-K K [ e(t)d kg W
y(t) = pe(t) + K e(t)dt + dt

Using as reference signal a step, Figure 3.5-1 shbeveffect of increasing each one

of the PID parameters.

Parameter | Rise time Overshoot ‘ Settling time  Steady-state Error
Kp Decrease Increase Small Change Decrease
Ki Decrease Increase Increase Eliminate
Kg Small change Decrease Decrease Small chang|e

Figure 3.5-1 PID behavior

The proportional component is responsible to sty the input signal. It acts in
the transitory response of the system decreasmgdh time and decreasing the steady state.
As k; increases, the system becomes more dynamicjsapassible observe in Figure 3.5-2.
The disadvantage is that if s too high, can occurs in an instability, but doatrol deviation

persist.
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= ...Setpoaint..

o

=3

w

w)

o

S Kp=5
— Kp =2
—Kp=1

time [t]
Figure 3.5-2 P controller behavior

The integral component reacts to deviations betwsstrpoint and actual values. It
eliminates the steady-state, but can deterioragetrimsitory response (Figure 3.5-3). The
advantage of this controller is the control dewias are adjusted automatically, but adjusts

are more slowly than P-component.

Fy

=

© .

= e St PO

%]

)

o

o —Ki=5

— Ki=2

— Ki=1

time [t]
Figure 3.5-3 | controller behavior

The derivative component has a damping effect ensifstem when the set point

changes (Figure 3.5-4). It increases the stahilitthe system, decreasing the overshoot and

increasing the transitory response.

Fy

—Kd =5
— Kd =2
—Kd=0

pressure [p]

o N S etpo | nt

time [t]
Figure 3.5-4 D controller behavior
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In a Pl-controller the I-component is decisive e tstatic behavior, since the I-
element executes the automatic offset adjustmém.PFelement does not contribute to this in

the steady state (control deviation = 0).
With regard to speed and thus rise time the P-compiois dominant in the PI-

controller, as is possible observe in Figure 3.5-5.

r 3

S

© .

g Setpgmt

0

& —Kp =4

S —Kp,=3
—Kp = 2
—Kp=1

time [t]
Figure 3.5-5 PI controller behavior 1

The I-component is responsible for reaching thadstestate (see Figure 3.5-6). It
determines "how" the steady-state value is reachddrge integration constant small T)

causes fast reaction to a control deviation but atgkes an "overreaction” possible. Small

values of klead to more sluggish settling.

»

=l A
m ,
§ S @EPOINE
& —T1,=0.25
(@3 Kp= 3 _Tn =0.5
— T,=1
Ty = Ke/K —1 o)
n

time [t]
Figure 3.5-6 PI controller behavior 2
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. Control deviation =
Setpoint - actual value

neg. large signal range"<

/\\//\ ————— e Setpoint

Small signalrange—=_.

pressure [p]

pos. large signal range

A J

time [t]

Figure 3.5-7 Window switchover

A trade-off between accuracy, stability and dynaleads to a necessity of different
parameters in each ‘part’ of the signal. Figure-B.Shows the definition of window
switchover. The idea is that with large P compontm adjustment is fast, but the
overshooting is large. That is why the signal idid in small and large signal. When the
control deviation is larger than a certain valuérael in the project, a largepks used, but if
the deviation is smaller, it is necessary a smaiteomponent. Depending on the sign of the

control deviation, a distinction is made betweenifpee and negative large signal values (see

Figure 3.5-8).

a LA\ Setpoint

o

3

)

o

= ——Kp = KpNeg = KpPos =5
—Kp = KpNeg = KpPos =3
——Kp =3 KpNeg = KpPos =5

time [t] ]

Figure 3.5-8 Window switchover behavior

At the limits between large and small signal ratigechange of P-component value

must not be hard, otherwise steps would ariseeatdimtroller output. To solve this problem,
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the controller output of the P-controller is ba@ketilated accordingly which corresponds to a
shift of the controller curve (see Figure 3.5-9)ck a discontinuity in the switching of the
controller parameters does not occur with an [Hadletr. An alteration to the;lonly leads to
an alteration of the integration behavior; it does lead to a jump-shaped alteration at the

output of the integrator.

o leef)
3 F 3 ,
g A
2 / Y
5 /s N

c /A

| -

[0)

=

(@]

@)

Control difference eft)

’

’

’1
N,
N4
. % | |

neg. large signal range Small sighal range pos. large signal range

Figure 3.5-9 Continuity in P window switchover
Other important point to project a controller i thhysical limitation conditions.
Due to that, the values of the correcting variabkey not take on every value. As a simple

example, a valve cannot be more than completesed®@r opened.

- \ physical limit

S~ | limit

Pl output
[mm?¥/s]

| governor
output [u]

‘ huge overshoot

Ny

Setpoint

pressure [p]

time [t]
Figure 3.5-10 Wind-up effect

For the P-controller the limitation becomes visibbleough to worse dynamics.

However, no further "dirt" effects occur.

a7



The I-controller reacts to limitations with the salled "Wind-up-effect” due to its

integrating behavior (see Figure 3.5-10).
To avoid this effect, | component is frozen, limgithe | set value, as it is possible to

see in Figure 3.5-11.

Pl output
[mm?/s]

I frere
| limit

| governor
output [u]

..~ smaller overshoot

Setpoint

pressure [p]

time [t]
Figure 3.5-11 Avoiding windup effect

3.5.1 Tuning Rules

Different methods can be applied to find the patanseof a controller. To decide
what method is the best to the project it is neamgssnalyze the characteristic of the
controlled system and what measured value is dlaila

Ziegler and Nichols conducted numerous experimemd proposed rules for
determining values ofgkk; and kg based on the transient step response of a plant.

In order to be able to apply the classic ZiegletkHgis (ZiNi) methods, the
controlled system must have a behavior which isilainto the behavior of the series
connection of a dead time element with a PT1-elérftégure 3.5-12).

There are two methods of ZiNi. To use the first @ecessary knowing the step

response of the system.

YA /’

Tangent line at inflection point

K /_.

g
”.
_.L']-;T—u :

Figure 3.5-12 ZiNi Method 1
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The reaction curve can be characterized by twoteats delay time L and time
constant T, which are determined by drawing a tahljee at the inflection point of the curve
and finding the intersections of the tangent linthvhe time axis and the steady-state level
line. Using the parameters L and T, it is necessatythe values ofpkki and kg according to

the formula shown in the table below.
Table 3.5-1 ZiNi — Method 1 [OGATA, 2003]

Controller Kp Ki Kg ‘
P T/L o0 0
Pl 0.9*T/L L/0.3 0
PID 1.2*T/L 2L 0.5*T

These parameters will typically give a responsénaih overshoot about 25% and
good settling time.

The second method of ZiNi the stability limit oktklosed control loop is sought.
Table 3.5-2 ZiNi - Method 2 [OGATA, 2003]

Controller
P 0.5*Kperit 0 0
Pl 0-45*KPcrit 0-83*Tcrit 0
PID 0.60*Kperit 0.5*Teiit 0.125*Terit

For that, the integral controller components aréched off and the control loop is
only operated with a P-component. The proportitypaonstant is increased until the control
loop begins to oscillate. If the control loop okt#s, the critical parameters of the controlled
system, kqit and T, can be determined (see Figure 3.5-13). The cbetrparameters are
calculated according to the formula shown in Tébte2.

unstable —= stable

w(t)
—

oo

y(t)] Controlled xgt.} [ K-=0.8
71 system

bl
< a =

Kpcrit: critical contreller gain
Terit: period duration of the oscillation

T
(10 oscillations: 1.3 s)

=013s

crit

Figure 3.5-13 Determining g and Tyt
Font: Bosch Group. Governor technique, basics aptications, Esslingen: Steinbeis Transferzentr2098

Other tuning rule that will be used in this projestthe Bode method. The Bode
diagram can be obtained directly from the measun¢iethe amplitude and phase response;
or from the transfer function.
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These methods use the desired stability of a sydterfind parameters. In the
process, the stability can either be defined as@haargin or as gain margin.

For the phase margin method, a desired phase miagrgiredefined for the overall
system (controller plus controlled system).

To find k, and k the follow steps should be done:

1% Phase crossover frequenay,d need to be found. This is the frequency that
gives a phase of -180°.

2"% A phase margin needs to be defined and founchén Bode diagram. The
frequency in this point is calleok.

3" The gain atox need to be found. In order to retain the set pheaegin for the
overall system, the amplitude may be a maximum af this pointwy, A(wx) multiplied per
ke is equal to one. This is the maximum possiblerodiet gain (for this phase margin).

4™ the phase response of the Pl-element is supesieabim such a way that the set
phase margin is not reduced. This is made possiplehoosing the frequency of the
inflection point of the Pl-phase, one decimal power smaller than the frequetagyin this
way, no substantial contribution is subtracted frime phase at the poinix (the phase
response of a Pl-element change from -90° to ORimvitwo decimal powers). Figure 3.5-14
summarize the method of phase margin using the diadgam.

A(dB)
1. Predefine phase margin (i.e. 60°)
I 2. Finding o, (frequency that gives
_____________________________________ the desired phase margin)
3. Finding gain at ®,
Ao, )(dB)
P A(@)[=10
-120°

4. Calculating k,
1
|Alo,) |

. Calculating @y (natural frequency)

ky

wpe: phase crossover frequency

Lh

Wpc=2.7.fcprr

factor: defined in the project (o needs 1 ; 8
tobe at least on decimal power smaller Wy =—= ﬁ T,=-2%
than @pc) Ty factor Sk

Figure 3.5-14 Bode diagram - phase margin method

For the gain margin method, a desired gain margipredefined for the overall

system (controller plus controlled system).
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For a stable system, the gain of the open cordog must be below one at the phase
crossover frequency (phase = -180°) (Nyquist datgr If the overall system should have a
gain margin, the result of the multiplication ofetlcontroller gain, gain of the controlled
system and the gain margin must be equal to 1r&iglb-15 shows step-by-step how to use

the gain margin method.

A(dB .-
@) 1. Finding @pe
2. Finding A(op )(dB)
A(wpc)(dB)

|A(oy)[=10 2

Ph(®)

Gp o (dB)
| GM_OL =10 *

-180°|..

1
k, =
| A(Wpe) || Gy |

wpc: phase crossover frequency
wpc= 2.7 fcprr
factor: defined in the project (wy needs
tobeat least on decimal power smaller
than mpe)
e 1 ope k

o

== T, =
N Ty factor 'S

Figure 3.5-15 Bode diagram - gain margin method
As an example, Figure 3.5-16 shows a simulatiora diode diagram. The gain
margin method will be applied to this bode diagrdime desired margin is 9,55dB and the

will be twenty times smaller than the frequengy.

Bade Diagram
From: Ms=senstromBoiler! To: State-Space
—— T

&0 ; —_—

System: Controlled System
Gain Margin (dB): 14 2
At frequency (Hz): 5.94
Clozed Loop Stakle? Mo

an -

20 -

Magnitude (dB)

Cantrolled System
20— Open Loop kp = 0,065

=
LiE)
=
o
“w
L]
£~
o
_5d0 = L \ M S A | | L L M SR | L -
107 10 10 10!
Frequency [Hz)
LTI Wiewver

Figure 3.5-16 Simulated bode diagram 1
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First it is necessary to know the crossover frequem Figure 3.5-16 it is possible
to see that the crossover frequency is 5,94 Hz.gle in this frequency is 14,2 dB — which

means a gain margin of -14,2 dB.

f.. = 594Hz
A(W,) = 14,2dB
14,2

|A(W,c)| =102 =513

Second, defined the desired gain (9,55dB)xdn be calculated. Figure 3.5-17 shows
what happened in the bode diagram whepia kdded.

Gy o (dB) =955

9,55

Gy o|=10% = 3003

K, =——— = 0065
51298003

Bode Diagraim
From: MssenstromBoiler! Too State-Space

m
(=]

System: Cortrolled System
Gain Margin (dB): -14.2 _

=
o
T

At frequency (Hz): 5.04
Clozed Loop Stable? Mo

5]
]
T

Systermn: Open Loop kp = 0,065
Controlled System Gain Margin (dBT 9.54

40 Cpen Loop kp = 0,065 At frequency (Hz): 5.94
Clozed Loop Stable? Yes

Ll L L TR R | L L T T S|
o T T L | T T — T T T T T T T T

(5]
]
T

Magnitude (dB)
o
T

L

)

=]
I

Phaze (deq)

(5]

o

[
T

540 = \ L
107 107 10" 10
Freguency (Hz)

LTI Wiewer

Figure 3.5-17 Simulated bode diagram 2
And, the last step is adding an I-gain to the systAs defined before, the natural
frequency should be twenty times smaller than tesover frequency. Figure 3.5-18 shows
in red the bode diagram of the open loop systerh Witand k. The desired margin was

reached.
W,
W, :i:i: 277.5,94: 1867
T, 20 20
1 _k
w, =— =—0Kk, = 1867 *0065= 012
Ty kp
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Bode Diagram
From: MzsenstromBoiler! To: State-Space
G0 T T — T T — 7 T

System: Cortrolled System
Gain Margin (dB): -14 .2 ]
At frequency (Hz): 5.94

Closed Loop Stable? Mo

40 |-

20

Magnitude (dB)
o
|

=20 - System: Open Loop kp=0065ki=0,12
Controlled System Gain Margin (98] 9.14
a0 - Open Loogp kp = 0,065 At frequency (Hz): 5.74
Open Loop kp=0065ki=012 Closed Loop Stable? Yes
&0 L . L] . L]
[u} T — T T | T — T
-a0
= =180 —
{=]}
L i)
=
o 270
15
=
o 360
450 |
540 = 1 L MR T | L L MR TR | L L MR S T | L PR
10" 10" 10” 10!
Freguency (Hz)
LTI Yiewer

Figure 3.5-18 Simulated bode diagram 3

3.6 RAIL PRESSURE CONTROL

The rail pressure control uses the concept of tetaators: pressure control valve
(PCV) and a metering unit (MeUn). At start and iocdd state the control takes place via the
PCV. Otherwise, control takes place via MeUn. Tlenkination of these two actuators
brings the advantage of a fast pressure reductethe valve with the advantage of the high

efficiency of the pressure generation.

High pressure pump
always at maximum
delivery! Measuring the current

rail pressure

i

Pressure reduction
by PCV according to
ECU specification

Quantities removed
*Injection quantities
*Leakage quantities

*Control quantities

Figure 3.6-1 RP controlled by a PCV
Font: Bosch Group. Introduction to the CR systessliBgen: Steinbeis Transferzentrum, 2008 adapted

A structure of a rail pressure control via the P@Wia the MeUn are very similar,
both can be displayed with the same flowchart. lEgi16-2 shows a simplified structure of

rail-pressure control.
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nengine
(just MeUn ) Qinjection

psetpu:-int . .
(iust MeUn ) oy cem Precontrol Metering unit MeUn
{just Meun}zinjectic-ns Pressurecontrol valve

(just I""“3"*“'"}'E{:}«llinvdf.-r

Setpoint value formation

| Epm_nEng : Rl sSePort - Voni MeUn_dvolSet
[ [ B ] o Y lonng p——
- Basic |; PIDT1- MIN
InCtl_qCuf o i PCV_pSet
| map | controller RIAX _p
1
o

Figure 3.6-2 Simplified structure of rail-pressoomtrol
Font: Bosch Group. Governor technique, basics aptications, Esslingen: Steinbeis Transferzentr2098

The controlled system of pressure control valvesabes like a PT1-element with
dead time. The controlled system of the meterinij cen be interpreted as IT1-behaviour
with dead time - because of continuous fuel ingactihere is a "displacement” to a PT1-
behaviour.

Both controllers have the same task, both receinge game control deviation.
However, their overall regulation systems are déifeé because of the different actuators.

The software control architecture of the high pwesscontrol is described in the

w
PCV_Ps

The RailP is responsible for rail pressure sensami-aliasing function and ISP

figure below.

MeUn_dvolSet
—

RailP_uRaw RailP_pFIt

L
PCV_pSet

Figure 3.6-3 High pressure control

function (reduces systematically rail pressure memasrrors to increase injection accuracy).
The Rail calculates PCV/MeUn parameters and PCV/iMgide-control. It is
responsible for the calculation of the control mo¢8tate machine), calculation of setpoint
value (volume flow) of rail pressure governing féteUn and PCV (labels called
MeUn_dvolSet and PCV_pSet in case of EDC17 dataset)
The governor parameters are a function of engieedypsince the plant gains depend

of the engine speed. It is necessary calibratednseurves per actuators, ki, Ki, Kopos Koneg
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Kipos and kneg Which represents the value of P, | and D and vhlees of the window
switchover of P and .

TS_RailCtlLoopPara_RAIL_PCTLPAR_ATS ==0

Rail_MeUnCtIPKpHpTst_mp
<

o —
Rail_MeUnCtPKpHpTst_CUR
Rail_MeUnCtPKp_mp
— S
¥ /-\._/
Rail_MeUnCtIPKp_CUR

Rail_MeUnCtiPKpPos_mp

E}n_nE ng

1

Rail_MeUnCtiPKpPos_CUR

Rail_MeUnCtiPKpNeg_CUR

Figure 3.6-4 MeUn governor P Gain
Font: BOSCH Group, High pressure generation, Caliibn hints (internal document), Stuttgart: Bos2hil0

Rail_MeUnCtIPKpNeg_m
EEEEEE—

AN

ATS_RailCHLoopPara_RAIL_PCTLPAR_ATS == 0

[
l Rail_MeUnCRIKIHpTSE_mg
ol — : o1~
Rail_MaUnGCilKiHpTst CUR |
. . Rail_MaUnCHKi_mp
- = -
. [ -~
i
Raid_MeUnCHUIK_CUR |
. . —1-_L Rail_MalUnCHIKPos mp
pem_nEng W
(5 o — .I./'
Rail_MeUnCliBPos CUR
i X e

Rael_MalinCUIKiNeg_CUR
Rail_pChvilleUnTheesHigh C

[
Fail_pCvreUnTheesLow G

: *

RailP_pFlt L
) <+ 1
1
Fail_facOvrMelinNeglner O \‘\.
| - .

Figure 3.6-5 MeUn governor | Gain
Font: BOSCH Group, High pressure generation, Caiiibn hints (internal document), Stuttgart: Bos2®l0

In the MeUn governor D-gain (see Figure 3.6-6), anitl PT1 values are standards
available.
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Epm_nEng

{ ]

Rail_MeUnClIDKd_CUR

Rail_MeUnCtDKd_mp
-

L -"-‘-/
Rail_tiMeUnCtIDT1_CUR

Rail_tiMeUnCtiDT1_mp
-

Rail_tiMeUnCtIPT1 mg

+

Rail_tiMeUnCtIPT1_CUR

Figure 3.6-6 MeUn governor D Gain
Font: BOSCH Group, High pressure generation, Caiiibn hints (internal document), Stuttgart: Bos2hil0

The same 7 curves need to be calibrated for the &\yator.

The MeUn software component is responsible forNfetJn current governor and

actuator protection function. And the PCV softwamx@mponent calculates PCV current

governor and APCYV function.

The control mode depends of engine speed and imjestass. When there is a low

fuel temperature and in the startup, the PCV igrodimg. In overrun and at low injection

guantities the Coupled Pressure Control (CPC)tigseadn a high injection quantity and high

rail pressure the MeUn control is actuating.

injection mass [mg/stroke]
PCV

CPC

engine speed [rpm]

Figure 3.6-7 Control mode ranges
Font: BOSCH Group, High pressure generation, Caiiitan hints (internal document), Stuttgart: Bosabi 0
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3.7 ADVANCED SIMULATION FOR CALIBRATION

Advanced Simulation for Calibration (ASC) is a numthfor modeling the
input/output behavior of unknown systems based easuring data that are obtained using
methods of the design of experiments (DoE). Adedr8imulation for Calibration, Modeling
and Optimization (ASCMO) is the tool used for thisd of simulation.

If a precise description of the system is not gaesione solution is using this data-
based modeling. With ASCMO is possible find highd®loquality to very complex systems
as, for example, the global behavior of an intecmsthbustion engine.

DoE is a method for data-based modeling of unkneystem. The idea is in a first
step to have a test plan to obtain the data, ubegninimum measuring effort. This data will
be used to train the model. The model is based athematical approximation methods and

is capable of reproducing the behavior of the messsystem.

J
F=f(u) =Y 6;g;u)

u-» >V §> J=0

—1
0= (GTG) GTy

DoE-test plan: minimal Model training with Modeling of unkown system Graphical Evaluation
n° of measurement measurement data behavior and Optimization

Figure 3.7-1 From experiment plan to model-basearopation
Font: ETAS GmbH: ASCMO 4.0 user’s guide. Stuttgaf@t]1 0

The classical experiment plan of the first generatiescribes a behavior of a system
based on polynomial. The advantages are a comsitierand established process since
many tools are available. However, it is necessatyigh parameterization and it's not a
robustness process with respect to outliers.

Other process that can be used to describe a systeafled neural networks. This
one allows mapping complex relationships and tloegss is relatively illustrative, but, as the
classical method, can be necessary a high pararstten effort and there is a risk of over
fitting. Besides that, a high number of measuriataccan be required.

ASCMO belongs to the DoE of the 2nd generation Whi based on statistical
learning processes. This process consists of amalptelationship between measuring effort
(low) and model accuracy (high). Besides that, a@ameterization is required and it is robust
with respect to outliers. The disadvantages are ldle illustrative of the theory and a

relatively large system memory of the PC.
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The classic experiment plans are based on a gapesh(Figure 3.7-2) or star-shaped

(Figure 3.7-3) measurement of the experimentalespac

Figure 3.7-2 Grid: 3 parameters, 5 steps, 125 meamnts
Font: ETAS GmbH: ASCMO 4.0 user’s guide. Stuttgaf@t10

In principle the grid measurement can be used liotypes of modeling, but the
problem is that the number of measurements poihisnwne more parameter is necessary
needs to increase exponentially. And despite tihh humber of measurements, an optimal
coverage of the parameter space is not achieved.

For the star-shaped measurement, just one paraimetied at a time. That leads to
few points to be measured if compared to the ghdped. The disadvantage is the
relationship between the parameters is neglected,is not possible find the actual optimal

model frequently, which means that is unusable adehcomplex systems.

Figure 3.7-3 Star-shaped: 3 parameters
Font: ETAS GmbH: ASCMO 4.0 user’s guide. Stuttgaf@t1 0

As alternative to the aforementioned processesharexperiment plans according to
DoE of the latest generation, the so-called D (9r dptimal plans and space-filling
experiment plans according to DoE.

The D (or V) optimal plans are specifically adaptedpolynomial models whose

precise specification is dependent upon the polyaborder. The problem is to create this
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experiment plan is necessary prior knowledge abfmiisystem behavior. That is the reason
that this kind of experiment plan is not used VABCMO.

Space-fillings plans (Sobol, Latin Hypercube, etrg the best option to use with
ASCMO. They are characterized by an even distdloubf the measuring points in the
parameter space and an optimal coverage of alhpea levels. No previous knowledge
about the system to be measured is required, andldba gained are perfectly suited for
model training in ASCMO.

The tool so-called EDOR is used to generate theges{iillings experiment. In page
66 there is a brief explanation of EDOR tool.

Some points need to be analyzed before start tdhisexperiment plan. First, the
result needs to be reproducible. In particular,dh# of measured variables must be ruled out
or at least recognized and responded to accordingly

It is necessary to measure several repetition pdimtdetermine the experiment
repeatability and to estimate the time drift. Besidhat, measurements must be performed at
a random order of the individual parameters.

The advantages of the DoE methodology are significaduction of the measuring
effort, if the optimization criteria need to be algad is not necessary a new measurement and
the models allow a description, interpretation dodumentation of the system behavior, such
as interactions between parameters.

A series of options are available for evaluating thodels created with ASCMO,
they include:

* "Display of measured values in comparison with itiodel prediction”

* "Error depending on the size of the training tiata

* "Display of measurements as "Adjusted Data™

* "Display of Sigma in intersection plots"

* "Overview of model statistics"

The first option, "Display of measured values inmgarison with the model
prediction”, it is possible plot some graphicsee she model error.

In the true prediction plot (Figure 3.7-4) the measy points are displayed on the y-
axis and the model prediction on the x-axis. A @erinatch between the two would result in

a "pearl necklace" (y = x) on the dotted line drawn
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Figure 3.7-4 Example of a true prediction plot
Error depending on the size of the training dateotiser option available for
evaluating the models created with ASCMO. This fiomchelps in evaluating the degree to

which the size of the training data used affeatsniodel quality.

Megativetrea Mormal - model
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i i
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Training Data Size
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0

Figure 3.7-5 Analysis Model LOO error for output

It is necessary define the start training sizetfar investigation and the interval to
the next data size. So, each subset of the tradatey are selected for the analysis and in each
case the Leave-One-Out error is determined. Thehiaws the variance of these five results,
the solid line shows the mean value of the results.

This allows identifying whether the model improvesiore training data are used or
if the size of the training data can even be redwece no appreciable model improvement
can be achieved starting at a certain size.

The Leave-one-out is a method that n models araddr each one with n-1 training

data. Afterwards, the model error of the one datatpthat was not involved in the model

60



training is being determined. The advantage & mhethod is that it enables a realistic model
evaluation without incurring an additional measgraffort.

Some variables are used to quantify the model yu&tioot Mean Square Error and
Coefficient of determination are the mainly ones.

The Root Mean Square Error (RMSE) is defined as:

RMSE = S5k
n

Where n is the number of measuring data and S8 iSum of Squared Residuals.
n
2
SSR = Z (Xi.pred - Xi.meas)
i=1

The RMSE describes the variance to be expectedd@td deviation) about the
model.

The coefficient of determination fRis derived from the comparison of the variance
that means after the model training (SSR) withvhance concerning the mean value of all

measuring data.

oSSR
SST

Where SST is the Squares Sum Total:

SST = z (Xi,meas B )?meas )2
i=1

R? is a relative measure for evaluating the modelresrit indicates which portion of
the total variance of the measuring data is desdrtlyy the model. This variable is a number
between zero and one, and can be analyzed in ltbe/iimg evaluations:

0<RP<0.6: The model is not suitable for reliable préidics.

0.6<R<0.9: The model is suitable for qualitative preidios.

0.9<R<1.0: The model is very good and therefore suitatie quantitative
predictions.

Other improvement that can be applied to the msdaltransformation of the output
variables. In this case, functions as square roetrsion and logarithm can be used. To
determine the optimal transformation, all transfations are applied to the output and the one
resulting in the lowest RMSE is selected.
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The Model can be improvement through recognitiod deletion of outliers too.
Outlier is a measuring point whose model error (he deviation of the measured value from

the model prediction) is high.

MegativeAres normal Positivedres normal
ASC, RM3E: 0.020452, R2: 0.99 ASC, RMSE: 0.053508, R2: 0.69

Data of 297 Negativelrea normal
Data of 297 Positivedrea normal

H H H H H H
o 05 1 0 05 1
Model of 287 NegativeArea normal Model of 257 Positivelres normal

Figure 3.7-6 Outliers in the "True Prediction PldiSplay

In Figure 3.7-6 it's possible see how to defineaanlier just looking to the true
prediction plot. The measurement inside the sqoanebe considered an outlier. The term can
be also interpreted quantitatively: an outlier exitthe residual is bigger that 3-4 RMSE.

This kind of deviation can be caused by an errorthe measurement or the
measurement took place in the limit range of thgiremy and hence, could not be mapped by
the model.

It can easily be seen that such measuring poirms adanegative effect on the model.
While the green graph in Figure 3.7-7 results fitbier modeling based on the blue points, the
model training including the red outlier results angraph (red) that features significant

deviations to the measured data.
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Figure 3.7-7 Modeling with (red) and without (gr¢eutlier

Finally, after all preparation of the data, theimation can be done.
The optimization depends of the criterion chosecrierion here is a standard

characteristic of the system that can be measundduaed to compare different TipIn's or
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TipOut's. The input of ASCMO is an excel table wherach row has one TipIn with the
values of the parameters used and the value afritegion (criteria). It is necessary to choose
the goal of the optimization, which means, how $thdne the criterion result of the optimum
behavior. For example, if the system to be optichiteas as a criterion the overshoot,
probably the goal will be to find a combinationprameters that gives a behavior with an
overshoot of zero.

Some options to optimize criteria are: min/max(it look for parameters that give
the minimum or maximum value) and target (a speeidilues can be choose).

There are two optimization methods: single and ipleltriteria.

The single criterion is the optimization of a vait&a or weighted total of several
variables according to a gradient descent. Theltréswa set of setting parameters (input
values) for the desired optimization target.

The Multiple Criteria is a true multiple-target opization that leads to a set of
Pareto-optimal solutions. At that point, the setetbf the solution can also be performed by
means of other criteria (e.g. the values of othpuis or outputs).

A Pareto-optimal (Figure 3.7-8) is a graphic witked of solutions that can optimize
the results, but the target function can be achkiendy through the deterioration of another
one. That because sometimes mainly independenttodge are defined for an optimization
task, but it is frequently not possible to achialeoptimization targets at the same time,

which means a trade-off between the criteria.
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Figure 3.7-8 Pareto-optimal
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3.8 TOOLS

During the development of this project, some toeése used as interface between
ECU and computer and to simplify the measurememtgss and the evaluation of the data.

Next pages will give a brief explanation of eacle @ the tools.

3.8.1Inca 6.2

Inca is a tool developed by ETAS group. It is ukgdECU development and test as
well as for validation and calibration of electroally controlled systems in the vehicle, on the
test plan, or in a virtual environment on the PC.

It is possible to visualize in the main window oichd (Figure 3.8-1) the database

structure and access all items stored in the degda.b

= MEE)

0w e EREHE e § wER

1 Database CObjects 3 Experiment

B Zdest g8 X
(84 craz-651-B1W1 _offen |Expemment
=
‘ﬁJ-Expenment 4 Projectdevice
sinorkspace &=

B {ZHPS97(ASC) - e
gum CR4Z2-651-B1W1_offen OFfline device: 1
22 Arbeitsumgebung{AsC) <active> WP CR42-651-B1W1_offen-X20iA4-142kW-Chan-BinSOF
[@r o7 _ss0_prmasnn_i1z_FaR_n_75299_vorablz RP} CR4Z-651-B1W 1 Offen-K204WAd%-142kW-Chan-BinSOF;

?J RDR_Experiment
@ ROR_Experiment__ 1

': [&4r 1037000

3t Workspace 4
S Hardware

Wworkspace

B Wirtual:1

2 Workspace Comment
Offline device: 1

(12.08,2011 10:14:39 547 27)

Filter: none | DE: <DE> |User: <vioSfe s

Figure 3.8-1 Inca main window

To initialize a project is necessary to create akapace. In this workspace is added
an experiment, a project with a dataset and thewee is configured. The Workspace
combines all of the elements needed for a calimadr measuring session.

The Hardware Configuration Editor comprises a safesbased reproduction of the
hardware that will be used for a specific measuang calibration task.

It is possible see in Figure 3.8-2 the window te tlardware configuration editor. In
the left side a list of all devices connected vafpjpear. A tree structure visualizes the

interconnections between various modules, devares protocols.
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— ' Har dware: >Workspace= Experiment: >Experiment=

File Hardware Device Channels Yiew 7
#HO B IAEO M T
1 Hardware devices 2 Parameters |§[nfo ]

=1 HWE Workspace
L wirtual:1

Offling device

Option Yalue

Mame Offling device:1

Meas. Faiure behavior Abort after Failure

Time stamp quantization OFF

Cannection behavior Prompt For reinitialize

Project B51YCR42-651-B1wW1_offen

working data CR4Z-651-B1W1_offen-X204Wad4x-142kw-Ch3n-BinSOPS-LL-EF-002_HPTiC

Reference data
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Check memory pages Always check
&t initialization

< >
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Device inactive (Skatus nok detected)
@ Device nob connected

i Additional. ..
) Device cannected

" Moinit, or no access

0 HW skatus can not be detected Reeet

Figure 3.8-2 Hardware Configuration Editor

The Experiment Environment provides the user iatsf for measuring and
calibration activities. The Experiment Environmeiser interface can be suitably configured
to accommodate individual tasks. It facilitates gw@ultaneous handling of measuring and
calibration tasks, and also supports concurrergsacto multiple devices.

The following display elements are provided: ossitiope, numeric display, numeric
editor, graphical editor and calibration scenamita. Figure 3.8-4 shows the experiment
used to this project. All variables that it is nez&ry to measure are added to the experiment.

It is possible visualize an oscilloscope with thgortant variables and register everything in
a ‘dat.’ file.

E

1 standard ]gEnhancgd ]

il

Doit
" Download Working page ECU Flash

" Copy Reference page ™ aut clase
+ Flash programming

Apply to...
Data i
[V Calibration access r
Datasets
n_. T WP P_57_350_BFMA400_12_ESE_01_Z52
< 2 RP:P_S97_350_BFMA400_12_ESB_0_I52%
Datasets
File ETk
[[em
o=
=
=
a
Checksum Datasets ECL
EPR.OM ID ASAPZ: 38(1/EDC17_COB/SS7(F_S597/fF_597_3507))
EFROMIDDS:  38{1fEDC L7 (COB/SH7R_557 (P 597 3500
EPROMIDECU: 04 IPTp @i

Figure 3.8-3 Memory Page Management Dialog
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Calibration data and program code are stored odbtheg ECU and in INCA as
memory pages. The data transfer between these,pageffom PC to ECU, is handled by the
Memory Page Management Dialog (Figure 3.8-3).

The pages are represented by a small graphic, fendotlowing actions may be
chosen: download to ECU, upload from ECU, copy fmarking page to reference page and

programming flash memory onboard ECU or in ETK mgnmeanulator.
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Figure 3.8-4 Inca Experiment

3.8.2 Edor

The program EDOR (Experimental Design for OperatiRgnge) is a tool for
creating space-filling experiment plans accordmd@bE. It is developed to generate global
experimental designs for an operating range ofsalge or diesel engine. That means it will
design a space filling design across multiple djpegagpoints. It is possible use the tool to a
local approach, where an individual experimentaigieis made for each operation point.

The program can be used via a graphical user atgerbr from the command line.

The process of generating a design is split inte $teps:
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Step 1:choosing number of factors, names.

Step 2:designing operating points.

Step 3:creating space filling design, rounded to opegpgiaints.
Step 4:scaling design to physical units.

Step 5:writing the design to an xlIs file.

3.8.3 Bender

Bender is a tool developed in MatLab by BOSCH Gratnose goal is to connect to
INCA to evaluate the Test Plan with the vehicle ndiag the parameters in the ECU to
changing the parameters of the rail pressure govedin the case of this projectp land k
from the large signal).

The idea of the tool is: the user informs what ctegrshould be the stimulus and
what parameters should be calibrated and Bendéadjiist Inca configuration and calibrate
the values using the test plan that it will givargsut to Bender.

aBbe r

Settings
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Figure 3.8-5 Bender package editor
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Figure 3.8-5 shows the window used to edit a Bepaekage. First step is adding
the initial DCM file with all calibration that neeid be initialized at Inca. Second is defining

the limits of the engine speed that Bender showdkwin the next step (humber 3), the test
plan (output of Edor) should be add and (numbdhd)parameters that should be calibrated
need to be checked. The last step (number 5) isadéfica configuration and the relation

between all test plan columns and the measuredeaiem

After the creation of a Bender package the measemeroan start. Figure 3.8-6

shows the main screen of Bender. To start the mea®nt is necessary connect Inca and

press play.

After the measurement start, it is necessary exegthe follow steps:
1) Moving to min. Engine Speed.

Progress

0%

Tipin:
Tipout:
Time left:
Next Action
Next Action:

Engine Speed:

Torque:

Log

[11:59:28] Ready.
[13:20:11] ASD En:

1_TestFlan_30)

Learn (RP)

points_10P_Tipin_reprod_1 hep)

gine loaded ( E:
[13:20:19] ASD Engine loaded (4_TestPlan_300points_30P_Tipin_rpm bep).
sine loaded

[13:20:23] 48D En:

(§_TestPlan_100points_edor_Tipin_kd bep)

Figure 3.8-6 Bender GUI

2) Stimulating with maximum Stimulus.

3) Waiting until maximum Engine Speed.
4) Stimulating with 0.

5) Waiting until minimum Engine Speed.

6) Learning Latency.

7) Executing Strategy.

The data will be saved in a ‘.dat’ file that canread for Bender 4 or for Measure

Data Analyzer (MDA).

3.8.4 Bender 4

Bender 4 is a tool developed inside Bender in Mathg BOSCH Group to evaluate

criteria in the measurement signal. As input, Bentes a .dat file. It is necessary to define
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the project’s properties, the measurement allooasgelect criteria that want to be calculated
and press the ‘Evaluate’ button to start the eveloa

The important point of using Bender 4 is developihg correct criterion for the
project. There is a template that should be usddatiab to programming the criteria. It is
necessary to implement all interfaces for a sudaksstegration into Bender 4. In the
appendix there is a Matlab code that was implendgente calculate the overshoot and
undershoot criterion. Figure 3.8-7 shows how th@a daevaluated at Bender 4 and the black

point is the output of the Overshoot criterion.

|
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16} — - i
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1 - -
08t Kp: 0034998 -
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06 Tn: 0.93247
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Figure 3.8-7 Bender 4's output

3.8.5 Fry

Fry is a tool developed in MatLab used to changerpaters in the ECU using
sliders. The user has to give as input the extd taith a Pareto front and an ‘a2l’ file, that
is a memory-description file with all parametersneaof the software that is used in the ECU
that will be changed. With these sliders, is pdesihange the parameters online (modify the
parameters “on the fly” directly in the ECU memongcording to the desired criteria. The

Pareto front gives as input here, is the outpuegged by ASCMO.
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Modes Criteria Calibration Sliders

Mocle 1 NegativeArea PositiveArea
% abs % abs
100.0 p— —4 6121330.906
99.79 £119701.388

Operating Points

Epm_nEng

1 1100)4

2 1400

3 1700

4 2000

5 2300 0.09 2223487.449
B 2600 0.00 p—(2222190.926
7 2800

8 3200/

Figure 3.8-8 Fry

3.9 CONSIDERATIONS

This chapter showed the basic concepts to figuténow this project was developed.
Now it will be easier to comprehend where the whmigect is inside and how the complete
system works. To develop this project was necesasalgeply knowledge about all the tools,
control engineering and how the common rail systeorks. At this moment, you are

prepared to understand step by step how the metheadtompleted.
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4 DEVELOPMENT

The first study of this project was developed i@iaoen C4, platform demonstrator,
connected using an Emulator Test Probe. The EG IEDC17, the common rail system is
two actuators (CPC system), the injectors are ftlmensecond generation (CRS2.2); and it is
using a CP4.1. For this work, just the MeUn actusiitl be calibrated. For that, the PCV will
be closed, so the car will have just one actuatbve

The second part of this project will consist inigate this project in other C4 and
another car (Ford Fiesta).

Nowadays the common rail calibration with a MeUmtcoller system is divided in
12 steps:

. Rough calibration.

. Rough calibration of current controller MeUn.

. Calibration of current controller MeUn.

. Calibration of rail pressure sensor signal.

. Calibration of characteristic curve of MeUn.

. First calibration of closed loop control for MeU

. Measurements necessary for pre controller fddMe

. Fine tuning MeUn control.

© 00 N O 0o B~ W DN P

. Validation MeUn control.

10. Calibration rail pressure at engine start.

11. Final validation of complete rail pressure coht

12. Troubleshooting.

All the steps will not be described here; howeves important to know where this
project is inside in all process calibration. Talarstand that, just steps 6, 8 and 9 need to be
Clear.

Step 6 is the determination ok and £; with ZiNi method (described in chapter
3.5). With these values is possible fing k and kg curve. This step will not change if the
new method proposed in this work applies, but it e used as start values.

Step 8 is not completely clear how to proceed. §hel is adapting ifosinegand
Kpposineg(large window switchover) to improve the step mw®e with nominal systems. There
are some tips on how to find these values, buetiggneer basically needs to drive the car and
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try to find the best parameter observing the sésponse. And step 9 is the validation of the
last step. If something is wrong, step 8 needsstart.

This project has the proposal of creating a metbochlibrate the parametergokneg
and kpposimeg That means it will be a method to substitute Stemd 9. As defined in the goal
of the project, the idea is that the method witluee time, bring economy and quality, since
will not be necessary an engineer in the completegss and will not be a recursive method,

which means, will not require to repeat the conglaiocedure if some calibrated point was

not optimum.

Figure 3.9-1 describes some basic labels from EDS#d in this project.

Label Description Unit
APP_r Standardized accelerator pedal angle in %
percentage
Epm_nEng Engine speed Rpm
AccPed_trqEng_MAP This is the Pedal Map 1. SiZX<0. It Nm
depends of APP_r and Epm_nEng
InjCtl_gSetUnBal Current injection quantity mg/hub
Rail_pSetPoint Rail pressure set point hPa
RailP_pFlt Maximum rail pressure during last 10ms.  hPa
Rail_pDwvt Governor deviation of the rail pressure hPa
governor
Rail_MeUnCtlPKp_CUR P amplification for small sigsdor pressuref mm-/s/hPal
control by metering unit
Rail_MeUnCitlIKi_CUR | amplification for small sigtefor pressure| mm’/s/hPa
control by metering unit
Rail_MeUnCtIDKd_CUR D amplification for pressurentml by mm°/s/hPal
metering unit
Rail_MeUnCtIPKpPos_ CUR P amplification for positiaege signals for| mm*/s/hPal
pressure control by metering unit
Rail_MeUnCtIPKpNeg_ CUR P amplification for negatiaege signals for] mm®s/hPa
pressure control by metering unit
Rail_MeUnCitlIKiPos_CUR | amplification for positiMarge signals for| mm®/s/hPa
pressure control by metering unit
Rail_MeUnCitlIKiNeg_CUR | amplification for negativarge signals for| mm®/s/hPal
pressure control by metering unit
Rail_pMeUnCtlIWinNeg_C Lower small signal limit fbcomponent of hPa
pressure control by metering unit
Rail_pMeUnCtlIWinPos_C Upper small signal limit focomponent of hPa
pressure control by metering unit
Rail_pMeUnCtIPWinNeg C| Lower small signal limit fBrcomponent of] hPa
pressure control by metering unit
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Rail_pMeUnCtIPWinPos_C Upper small signal limit ®icomponent of hPa
pressure control by metering unit
MeUn_dvolSet Setpoint value (volume flow) of raiepsure| mm’/s
governing
Rail_dvolMeUnCitll | physical component of pressgmvernor mm-/s
by metering unit
Rail_dvolMeUnCtIP P physical component of presgioeernor mm-/s
by metering unit
Rail_dvolMeUnCtIDT1 DT1 physical component of pnass mm-/s
governor by metering unit
Rail_dvolPreCitl Pre-control physical value for e mm’/s
governing by metering unit

Figure 3.9-1 Basic labels

In this table is possible to see that some labal® hin the end of the name C, CUR
or MAP. When the name finish with “C”, means thata constant. When the label has the
name “CUR” in the end, means that this label cpweds to a vector. For example,
Rail_MeUnCitlIKiNeg_CUR is changing according to thegine speed. When the name has
“MAP” in the end, means that the label correspamé tmatrix. For example, the output of
AccPed_trqEng_MAP (Figure 3.9-2) depends of engpezd (x-axis) and APP_r (y-axis).

ﬂ |AccPed_trqEng_MAP =Map = j [Mm] % Epm_nEng [rpm] wi APP_r [%]
| v | 400,00 650,00 750,00 1000.00 1250.00 1500.00 1750.00 2500.00 2750.00
1.0986 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000
15,0024 127,500 118.500 114.400 52,000 44,500 32,700 30,100 27,500 27,500
27.00z0 218,200 216,300 214,500 186,300 119,000 95,100 59,500 67,300 57,800
347775 238,100 £35.900 235.400 204,600 173,500 155,900 126,000 90,100 96,700
39,0015 249,400 246,700 245.500 221,900 195,300 152,700 161.600 145,500 139,500
47,9950 266, 600 265,900 262,300 256,400 250,400 239,900 237,300 211,200 209,200
57,9956 287,300 Z87.400 254,000 284.000 283,700 260,700 279,600 264,300 253,800
59,9951 324,300 324,300 324,300 324,300 324,300 324,300 324,300 314,300 302,300
50,0049 324,300 524,300 524,300 524,300 324,300 324,300 F24.300 314,300 302,300
100,0000 F24.300 S24.300 524,300 524,300 524,300 324,300 324,300 314,300 302,500

Figure 3.9-2 MAP

The MeUn_dvolSet, as explained in Figure 3.9-thé&setpoint volume flow value
of the rail pressure governor, which means, ihes physical output of the PID controller and
the pre-controller of MeUn. This value is compouiod the output of the P-component
(Rail_dvolMeUnCitIP), I-component (Rail_dvolMeUnGtll D-component
(Rail_dvolMeUnCtIDT1) and pre-controller (Rail_d®skeCtl). Figure 3.9-3 is an example
measurement that shows how it is the general behafi all this components in a step

response. In this example the D-component is zero.
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dvolSet= Rail_dvolMeUnCtll + Rail_dvolMeUnCtP + Rail_dvolPreCil

4000

=

Volume flow (mm?/s)

s
=
(=3
=

Rail pSetPoint
RailP_pFlt

-8000

time (s)
Figure 3.9-3 MeUn_dvolSet

Before start the development of the method, iteisessary to be sure that the system
is reproducible. For that, the same point was medstwenty times and the behavior of each
step was observed. Figure 3.9-4 shows the behiawvfall load of four points. It is possible to

observe some variation from one point to another.

— 1 i |sobol n° ﬂ?l

o

¥,

Pressure (hPa)

?

F SEE

Pressure (hPa)

time (s) time (s)
Figure 3.9-4 Reproducibility

However, this variance is completely acceptableis Tdan be explained for the
expected spread of the system. As it is possildars@able 3.9-1, the standard deviation of

the delay is nearly 1ms and of the overshoot islyéabars.
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Table 3.9-1 Reproducibility
Sobol n° Engine speed Delay | Overshoot

(rpm) (W) ((EY)

12 24915 0,052 12,8
13 2502 0,053 9,3
14 24945 0,053 7,9
15 24845 0,052 21,5
16 2482 0,055 6,2
17 2493,5 0,054 8,3
18 2470 0,052 1,2
19 2491 0,051 1,4

Average 2488,63 0,053 8,575

Standard

Deviation 9,7 0,001 6,52

Through these measures, it is possible concludethbasystem is reproducible, that
means the method can be used.

The validation of this method is developed in a m@h system, but physical
variations of the MeUn unit are expected (the itigliwhere the pressure is going inside can
change) and when the system has this variatias, galled minimum or maximum system.
Because of that, the pressure inside the commbwithbehave different from one vehicle to
another. That means, if the response has no owarghoominal system, probably in a max
system a small overshoot can be observed. And lovets can damage the system, reducing
the life time (material stress). The method heneetigped needs to be robust enough to work
in ‘min’, nominal and ‘max’ systems in the same éinfor that reason, the most important
characteristic of a good calibration is find paréenethat leads to a minimum overshoot (and

reacting as fast as possible). Figure 3.9-5 shawexample of a good calibration.

e.g.:

—— RailP_pFit

—— Rail_pSetPoint

time [t]

Figure 3.9-5 Example of a good calibration

In the following chapters the development of thisjgct will be describes step by

step.
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4.1 DESIGN OF EXPERIMENT TEST PLAN

The first step to start the development is creagiigest Plan. For that, it is necessary
first of all to decide the borders of the paranetisat need to be calibrated. As explained
before, this project has the proposal of calibgatiBes Kpneg Kipos @and kneg The standard
value of the small window limits are used, that nseavithin -40 and 40 bars, the small
window is active, outside large window is active.

To define the borders is necessary to know hovwb#ievior of the system is. What
value of k would lead to an unstable system. For that, thdi Znethod number two
(described in chapter 3.5 - PID Controller) will &yeplied, but just the concept of how to find
Kpcrit and £t

To apply the ZiNi method, first it is necessaryctange to MeUn mode (since C4 is
a two actuators system). Besides that, to obsée/ée¢havior of kin the complete signal, the
large signal window needs to be expanded, | an@mponents need to be set to zero; and
engine speed needs to be set to the desired one.

After that, the measurement starts. The idea ise&sing k until the instability is
reached, keep it during three seconds in instalahid come back to stability. This procedure
needs to be repeated at least three times. Figive ghows how the measurement looks like.
With this measurement is possible to definrgikand . The ki, as is possible see in
Figure 4.1-1, is thekfound when the system has a significant reduatiathe oscillation. To
find feit it is necessary to go to the measurement filefiadthe frequency that appears when
the system is oscillating. The normal proceduritake ten periods and divide per ten, so,

the inverse of this value {f) is the .

] Rail_MeUnCtIPkP _ r
Rail_pSetPoint . o |
RailP_pFIlt | A

(mm?/s/hPa)

L%

Rail MeUnCtIPkP

time (s)
Figure 4.1-1 ZiNi method
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This procedure will repeat for more than one engipeed, so it is possible to define
how keeiit and £y vary in all range of engine speeds. The resukisdascribed in the table

below.

Table 4.1-1 P-gain critic for C4
EngSpeed (rpm) 1100 | 1400 |1700|2000| 2300| 2600| 2900| 3200| 3500

Kperit (Mm?®/s/hPa) 0,0725 0,0625| 0,06| 0,06| 0,06| 0,06| 0,06 | 0,06| 0,06
feit (HZ)| 5,86 | 6,67 | 7,187,69|7,88|8,28|8,71|9,37| 9,80

With kpeirand £t is possible to definepkand k to the small window andgsk They
were defined using the gain margin method. Belbw,dalculation of kand k for 1100 rpm,
as an example. In this project,ik zero.

As explained in chapter 3.5 (PID Controller), tceukte gain margin method is
necessary to know the crossover frequeigy) (which can be defined as:

Opc = 2047 it

Engine speed of 1100 rpmew,.= 2 * 5,86 = 36,82 rad/s

Remember that the crossover frequency is the frenyuéhat gives a shift in the
phase of -180°, so, it's the frequency that makesystem go to instability.

It is necessary to know the magnitude in this fesgpy A@pc) t00. Since Kt is the
gain margin of the system in the crossover frequef@o,c) can be defined as:

|A(0pd)| = Llkoerit

Engine speed of 1100 rpm[A(wpe)| = 1/0,0725 = 13,79

And, finally, it is possible to find the value ofwhich gives the desired gain margin.
In this project, the value used is 9.55 dB:

Kp = L/(|A@po)[*IGm_oLl)

Engine speed of 1100 romGwm o = 107(9,55/20) = 3,003

kp = 1/(13,79*3,003) = 0,024

Now, to find the value of kit is necessary to define how far the naturadjdency
should stay from the crossover frequency. In thigget, the natural frequency will be twenty
times smaller than the crossover frequency.

on = 1/Tn = opdfactor = kik,

Engine speed of 1100 rpma, = 1/Ty = 36,82/20 = 0,024-> k; = 0,044

However, all this procedure takes time and it isessary to know how the gain
margin method works. To make easier for the usandard values will be used with the same

meaning:
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Factor Value |
a 0.333
b 0.05

The factor ‘a’ represents the desired gain. Fattorepresents how far the natural
frequency will be from the crossover frequency.

Figure 4.1-2 explains the relation between thisdiaand the gain margin method. It
is exactly the same that was done in the exampeeaith an engine speed of 1100 rpm, but
it leads to these two simple equations:

Kp = a*.kocrit
ki = b*kp 210*f cit

Gain margin method | S Factors ‘a’ and ‘b’
1. Fl:ndl:ng Opc Gu_oL(dB)=-20.loga |1 ope = 2.1 fepir
2. Finding A(@pc)(dB) factor=1/b 2. A(0pc)(dB) = - 20 log Ky,
A(opc }(dB)
|A(op:)|=10 2 [A(opc )= kpa
3. Gain pre defined Gy o(dB) 3.Gy or(dB)=-201log a
Gy o (dB)
| GM_OL |: 10 » | GM_OL| =1/a
4. kp | A(Wpe)[ |Gy o | = 1 4. kp. [A(@p0)l|Gy o | = 1
1
k, = = Ko
? |A(WPC) | . | G)-l_OL | kp kp t
5. Calculating oy: 5. oy = natural frequency
_ 1 _ % _ky = bk, 2w,
ol T, factor T = k, k kp o

Figure 4.1-2 Standard values definition
Now, there is all information about how to defitre small window. After that, it is
possible to define the borders of the large sigoalreate the test plan. The same border is

used for negative and positive signal.
For k, in the large signal, it is necessary a higher &atuhave a fast behavior. The

factors that will be used are described below.

Lower border:

K., =1,50alKp,,

plow
Upper border:
k. ..=2,2alk,,

pupp
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That means in the large signal a gain margin bet2eg and 6dB is acceptable.

a GM OL(dB)

0,333 9,55
0,333*1,5 6,03
0,333*2,2 2,70

The k in the large signal will be defined as a functad .

T ooke . K _ 1
Nk, blk,@nd, 03MbRERrd,_,
T ke K 1

N Kk bk, @RrO,, 080b@rd

crit crit
That means, the, maximum (T minimum) will be twenty five times smaller than
the crossover frequency ang minimum (Ty maximum) will be almost seventy times smaller

than the crossover frequency.

0,05 20
0,05*0,3 66,7
0,05*0,8 25
k — kplow
iupp
TNmin
k'l — kpUpp
ilow T

Nmax

The table below shows the C4 borders. It's possiblsee the upper and lower

border of k k, and Ty and the small signals.

EngSpee 110(] 140(] 170C] 200()] 230(] 260C] 290(] 320(] 350C
kpcrit 0,07¢ 0,063 0,0¢f 0,0¢f 0,06 0,0¢f 0,0¢f 0,0¢f 0,0€
fcrit 58¢ 6,67 7,1¢ 7,6 7,8¢ 8,2¢ 8,71 9,37 9,E

_ |kpupg | 0,05 0,04€f 0,044 0,04¢ 0,044 0,044 0,044 0,044 0,044

& [kplow | 0,03¢ 0,031 0,03( 0,03 0,03( 0,03(] 0,03( 0,03(] 0,03¢

= |Tnma | 1,811 1,591 1,47¢] 1,38(] 1,34 1,281 1,21¢[ 1,13 1,08¢

L |Tnmin | 0,67¢ 0,597 0,554 0,513 0,50¢) 0,481 0,45 0,42%f 0,40¢

& |Kiupp | 0,057 0,057 0,054 0,05¢ 0,05¢ 0,06z 0,06€ 0,071 0,07¢

Kilow | 0,02¢| 0,02¢f 0,03(] 0,037 0,03 0,03¢ 0,03¢f 0,03¢ 0,041
small kp 0,024 0,021 0,040 0,00 0,020 0,020 0,020 0,020 (,020
signal ki 0,044 0,044 0,045 0,048 0,049 0,052 0,p55 0J059 (4,062

Tn 0,543 0,47y 0,443 0,414 O,4|O4 0,884 0,865 0}340 0,325
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The Test Plan will be created to the worst casa¢hvimeans the torque will be the
maximum (in the case of C4, a step from 0 to 250).NFhe first study was with just one
operation point (engine speed of 2500 rpm and ®rgu250 Nm) and 300 points were
measured. With this first measurement, the Pl-behawas observed and all the tools
(Bender 4 and Fry) were tested. Figure 4.1-3 shawata plot, where x-axis igpks and y-
axis is ks The graphic is divided in five areas and eachtbrédehavior was analyzed.

T T T T T
®: i i : '@
F.g . " i
sxsizch i
.
@
- i

0% -2

oo i

klpos

a . i G
. . - =
: - s ¥ : -
i H {am 4
®

L L 1 1 1
o Ll am L o oo ape

kaos
Figure 4.1-3 Pl-behavior in the measurements

The measurements in the first area are points wgh k and small g, which means
a very small . As studied before (chapter 3.4), smallgmkeans a slower reaction and
higher Ty leads to higher overshoots with more settling tiffigure 4.1-4 shows a measured

point in this area.
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Overshoot: 75 bar
Delay: 73.9ms

Pressure (hPa)

time (s)

Figure 4.1-4 Measurement 1: Pl-behavior

The second area has still high lbut now a higher & which means a faster system
than the area before and a decrease of the sditiray as it is possible observe in Figure
4.1-5.

Overshoot: 43 bar
Delay: 51,2ms

' |
Fi-L] ;' ~_ l

Pressure (hPa)

time (s)

Figure 4.1-5 Measurement 2: Pl-behavior

The third area has the samgds the second, however asknaller, which means a
system a little bit faster than before and withsles/ershoot. Figure 4.1-6 proves this
behavior.
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Overshoot: 21bar
Delay:49.7 ms

/I
Pressure (hPa)

time (s)

Figure 4.1-6 Measurement 3: Pl-behavior

The forth area has even smallethan before, which means that the behavior ik stil
fast, but it takes more time to reach the set pamd, since Kis still high, there is more

oscillation. This can be observed in Figure 4.1-7.

Overshoot; -56 bar
Delay: 51.6 ms

-
)

0ol

=

b

[ @ E
¥ =

W)

)]

)

|

0

time (s)

Figure 4.1-7 Measurement 4: Pl-behavior

And the fifth and last area has a smallgthan the fourth area, which means a very

slow behavior. Figure 4.1-8 shows a measuremethiginarea.
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| —_—
Pressure (hPa)

Overshoot: -45 bar
Delay: 84.8 ms

time (s)

Figure 4.1-8 Measurement 5: Pl-behavior

After analyzing the results, a new test plan wasiad with nine operation points (9
different engine speeds and still one torque) uEID@R (chapter 3.8.2).

As explained in chapter 3.8.2, EDOR tool is dividedive steps. First step (Figure
4.1-9) the input names are defined. In this projdwt operation point is defined as engine
speed (Epm_nEng) and torque (AccPed_trgEng MAPg. imputs are the four large signal

parameters.

r

Input 2 (OP) | AccPed_trgEng_MAP

Fuail_MelnCHPkpPos_CLUR
Ruail_MelnCHPEpteg_CLIR
Reail_MeUnCHIEPos _CUR,
Rail_MelncHIkiNeg CUR

Ok Cancel

Figure 4.1-9 Edor Step 1

Second step (Figure 4.1-10) is the design of opgraioints. Nine engine speeds
were defined and one torque.
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AccPedtrqEngMAP

MNumber of Operating Points: 9

275 |
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Third step (Figure 4.1-11) is the space fillingidas It is possible to observe the
distribution of the point in each operating poifihe operating points in the borders have

more points than the others (histogram in the Inoid the figure), since they are closer to the

limits.

Fourth step is where the borders are defined. possible observe in Figure 4.1-12

Figure 4.1-10 Edor Step 2

how the ks lower border behavior with the variation of thge® speed.
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Figure 4.1-11 Edor Step 3
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Figure 4.1-12 Edor Step 4

Fifth and last step is saving the result in a eXdel Figure 4.1-13 shows the

exported table.

Sobal-Mo. bnr Eprn_nEng AccPed trgEng_MAP | Rail_MelnCIPKpPos_CUR | Rail_MelnCtIPKpMeg_ CUR  Rail_MelUnCtlIKiPos_CUR | Rail_MeUnCtllKiNeg_CUR

5} 1 1100 250 0,050541625 0050541625 00396625 00312125

14 1 1100 250 0047401562 0041121437 0 03226875 0,03015625
15 1 1100 250 0,050018251 0042621469 0033853125 0,034909375
29 1 1100 250 0,042691469 0039551406 0037021875 0,033553125
30 1 1100 250 0,046053203 0,045565859 0040952812 0,039526562
42 1 1100 250 0,038766391 0048709922 0037814062 0,040952812
43 1 1100 250 0,040336422 0052373325 0045735937 0,045735937
a7 1 1100 250 0,051549954 0,047132891 0042567187 0,044579657
58 1 1100 250 0,043345648 0049354102 0032664844 0,043755469
72 1 1100 250 0,048579056 0046224039 0,022496094 0,042659219
73 1 1100 250 0,047009055 0046747383 0037417969 0,037246094

Figure 4.1-13 Edor Step 5

4.2 AUTOMATED MEASUREMENT

The automated measurement is the step of the propere the vehicle
measurement starts. With the help of INCA (cha@&.1) and the tool Bender (chapter
3.8.3), all the parameters necessary in the EDGIL be&vchanged to measure each point with
the correct configuration.

First of all, it is necessary to be clear all labilat we need to add to the Experiment
in Inca (Figure 3.9-1 shows the basic ones) and take about the rate of each signal. The
rate used in the rail pressure is 10 ms.

After the creation of a good experiment, the bempdekage must be created. For the
C4 is necessary an initial calibration to switchiMeUn control and switchgkcurve to zero.
For that a so-called DCM file is created with alldrmation necessary to execute that change

before the measurement starts.
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Besides that, it is necessary to know how to contr® torque, which it will be the
stimulus to start the Tipln (see figure below). BIh is how it is called a step response in a
vehicle. A step response in a vehicle is basicalhen the accelerator pedal is pressed
completely and, as a reaction, the engine speecktases and, of course, the pressure
increases too with a high gradient. In the cas€4fthis control will be done using the label

AccPed_trqEng_MAP.

oy,
1] L
fo & ol g

Wik, | [
L} N
o Hﬁ-‘.’;

Stimulus

Engine Speed

pressure (hPa)

Rail pSetPoint
RailP_pFlt

time (3)
Figure 4.2-1 Stimulus

The Bender package can be created as explainedhaptesr 3.8.3 and the
measurements can start. The measurements mushbeoda properly track. The procedure
is: the driver will start the vehicle, go to thecsed gear and press play in Bender, after that
he will keep the accelerator pedal completely mésad Bender will make the Tipln’s with
the strategy defined in the test plan automatically it was explained before, the idea is
validate the method to the worst case, so the skegear was chose because in this gear the
gradients of the pressure are higher and, bedidesit is the more safety gear to do Tipin’s,
since the vehicle speed is not so high.

You can find some photos of the two tracks usecthis project and of the

measurement in the C4 attached to this paper.
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4.3 CRITERIA CALCULATION

In the rail pressure governor calibration someeagat are defined already, with

standards names, as it is possible see on FigB+E. 4.

Overrun to full load Full load to overrun

2x dp4

Figure 4.3-1 Criteria of the governor calibration

In a Tipln (from overrun to full load) there are sriteria: dpl, dtl, dp2/dp3, dt2 and
dp4. A dpl is the undershoot when the acceleradalpis pressed. The delay between rail
pressure set point and measured rail pressureos#tdquring the rise time is called dtl. The
overshoot or undershoot when rail pressure set peath a plateau is called dp2, if it is an
over and dp3, if it is an undershoot. Dp4 is radgsure oscillation in full load. Dt2 is the
duration till measured rail pressure is stabiligead pressure deviation below dp4).

In a TipOut (from full load to overrun) there arig sriteria defined too: dp5, dt3,
dp7/dp6, dt4 and dp8. The overshoot when the gdal e released is called dp5. Dt3 is the
delay between rail pressure set point and measwaiegressure set point. The overshoot
(undershoot) when rail pressure set point reaclat@au is called dp7 (dp6). Dp8 is the rail
pressure oscillation in overrun. And dt4 is theatian till measured rail pressure is stabilized

(rail pressure below dp8).

Table 4.3-1 Desired qualfty
CRS dpl| dtl | dp2 | dp3 | dt2 | dp4 | dp5 | dt3 | dp6 | dp7 | dt4 | dp8

bar | ms | bar | bar | sec| bar| bar| ms | bar| bar| sec| Bar
Nominal 60| 180, 20 30 0B 25 70 350 30| 50| 1.4 10
Min/Max | 70| 220| 40/ 50 0,8 25 8D4507| 60| 60 2 10

Above is a table with the desired values of defingtkria to a MeUn control mode
in case of one controller calibration. It is justig, in some vehicles this values cannot be

reached.

® Font: BOSCH Group. Calibration hint (internal downt). Stuttgart, 2010
" This value depends strongly on injector leakagkamnot be influenced by rail pressure controller.
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Since this project tries to optimize just the lasygnal, there is almost no influence
on dpl, dt2 and dp4, because the rail pressuratimvis inside the small window.

Figure 4.3-2 shows an example of the C4 behavia Tripin. In this chapter, just
some of the ideas about which criteria to use lvalexposed. However, during the progress, a
total of seven ideas were developed just for Tiplor each idea models were created and
validations in the car were measured. Studies wene to decide what criterion would reflect
the system behavior better and, after two monkiesfibal criteria for TipIn were defined.

The first idea for developing a code to calculdée Tipln criteria was using criteria
already defined. The code for dtl, dp2/dp3 andwla® developed in MatLab.

Ra:lp_F'SElpi}ml /ll ;‘,' e |
£ /) |
g fll I.J' k’J-RanFI:_'

E ! .'II
D_ f .I|Ir III, _
iy
hp'} I!l'll ,.'I _
time (s)

Figure 4.3-2 TipIn

To find this criteria is necessary to find helprmiol and 2 (hpl and hp2 in Figure
4.3-2). You can see the code and the UML modeird éip2/dp3 and the help points in
appendix B. One of the problems of choosing theger@a are that is not a simple code to
find the precise point.

For example, let's analyze Figure 4.3-3. How talfihe delay? How to decide if the
rise time in the area ‘1’ should be included or mothe calculation? If included, the delay
will be ‘a’, that is not correct. If excluded, hoghould be the size of area ‘1'? Similar

problems appeared to find dp2/dp3.
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Figure 4.3-3 Delay

To solve this problem, instead of using one spe@éint (e.g. dtl and dp2/dp3), the
integral deviation will be used. The second idegettgped is the deviation integral in Plateau

(reflect dp2/dp3) and deviation integral in rigaei (reflect the delay) as Figure 4.3-4 shows.

r'y

Deviation Integral in Plateau

E /(\/—’
E \N
= /
3 o . . — RailP_pFlt
GEJ_ Deviation Integral in Rise Rail pSetPoint
Tme —_— Rall_paetHoin
time [t]

Figure 4.3-4 Deviation Integral
That way, there is no problem to decide a spepidinit. However, a new problem
appears. It is still necessary to find help poibtand 2. For the C4 behavior, it is not so
difficult to find these help points. However if tisbape of Rail_pSetPoint has no hard edge,
finding these points can be problematic (remembat this method should be applied for
other vehicles too — See Figure 4.3-5). That méamsode is not robust enough to be applied

in other shapes of the rail pressure set point.
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Figure 4.3-5 Rail_pSetPoint’ shapes

To solve this problem, simple criteria were chodenfind a model: so-called
‘Positive’ and ‘Negative area’ (Figure 4.3-6). Ugithese, it is not necessary to find the help
point 2 and it is a deviation integral, not a spegoint in a curve. The negative area criterion
reflects the delay and the undershoot; the positiea criterion is a reflex of the overshoot.

Rail _ pDvt(t) = error(t) = Rail _ pSetPant(t) — Rail _FIt(t)

IE* = jerror(t)dt
0
Rail _pDvt(t) = 0 —» NegativeAea

Rail _ pDvt(t) <« 0 —» PositiveAea
* Integral _of _ Error

N Positive Area

........
..........

T i RailP_pFlt
A Negative Area
N & Rail_pSetPoint

pressure [p]

L
i
R
b

time [t]

Figure 4.3-6 Positive and Negative area

Now, criteria to find a model for a TipOut needi® developed. A TipOut is when
the accelerator pedal is completely pressed ardfjeslly is completely released, going to
overrun. When this happened, the injections go feomgh value to close to zero very fast.
This means that the MeUn device is completely dasereduce the pressure as fast as the
setpoint is reduced and, since the injections wedeced too, the only way to keep reducing

the pressure is the leakage. However, the PID alteitrhas no influence concerns the
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leakage. So, it is expected that the influencéefRID in the TipOut is not as strong as in the

TipIn.
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Figure 4.3-7 TipOut — C4

Figure 4.3-7 shows a TipOut behavior in C4. In teasurements it is possible to
analyze that when a TipOut occurs, the MeUn is detaly closed, but the pressure cannot be
reduced as fast as the setpoint decreases. A Maitibto find dp5 was developed, but it was
not possible to find a model with the results. Dafaem this hypothesis, T90 was measured
too, that means the time that the system takes foogh 90% to 0% (see Figure 4.3-8). And,

as expected, this time was always the same fpaaiimeters.

Pressure (hPa)

i hp
time(s)

Figure 4.3-8 T90

It is important to remember, as explained in chapt®, that kh.eqand kg are active
when the deviation (setpoint minus actual value)negative. That means that these
parameters are active just in TipOut and when thera big overshoot in Tipin. In the
calibration hints, the suggestion is to use theesaatues to Jos (Kipos) and kneg(Kineg and

analyze the behavior. The same procedure was deeefdr C4. The values ofdesand kyos
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were optimized using the Tipln measurements and ts&negand ke t00. This suggestion
will be used to all other systems that have theeshehavior.

However, the behavior observed in Figure 4.3-pecsic to some systems. Another
car was used to make new tests about TipOut andlidate the method. It is a Ford Fiesta

with just a MeUn actuator. Figure 4.3-9 shows hbe/TipOut of this vehicle is.
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Figure 4.3-9 TipOut - Ford Fiesta

Four criteria were developed for TipOut:
- dp5 (overshoot when gas pedal is released) — ginesetl in C4
- T90 — already used in C4
- Positive integral deviation
- Negative integral deviation
The model quality from the first and second craewere less than 80% and no
relation were find between the large signal angdehaiteria. This result was expected for two
mainly reasons:

- As studied during the development of criteria tlitis, find a specific
point can be problematic, because of the big dityeo$ setpoint shapes.

- And, as explained before, the influence of the RICa TipOut is not as
strong as in a TipIn. The duration time to reduce pressure cannot be
decreased just with a PID, since the leakage isndualy way to reduce the
pressure during a TipOut. That explains why the ehoding T90 was not
good. In respect of dp5, beside these reasonsntladl window has more
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influence than the large window in this case, sitiee deviation is still
inside the small window.

With the last two criteria (Positive and negatiméegral deviation) combined in the
same way as in the Tipln it was possible to undacdstwhat is the influence of the PID
controller in the TipOut.

Figure 4.3-10 and Figure 4.3-11 shows two TipOutig, first with a high { ( and
small kneg) and the second with a smal Tand high keg).
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Figure 4.3-10 TipOut - analyses f behavior 1
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Figure 4.3-11 TipOut - analyses f behavior 2

The influence of the controller appears in the uslgdeot in overrun. With the two
pictures above it is possible to see the reasonhamdto avoid this problem. The signal in
purple, called Rail_dvolMeUnCItll, is the physicaltput of the I-gain, which means, it is a
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volume flow. In the case of a smal\ [Figure 4.3-10), the value of Rail_dvolMeUnCitll is
reduced slowly and stay almost constant when thi RaFIt reaches the setpoint. However,
when Tyis too small (or kegis too high), as in Figure 4.3-11, the output-galn reduces too
fast and in the moment that RailP_pFIt reachessétpoint, the I-gain output is already too
small and it needs some time to reach the cor@oevagain. So, it is clear that, to avoid this
behavior the value ofilg cannot be too high.

After this analyses it is clear that the negativegral deviation is related direct to
this undershoot, so it is expected that the modti this criterion will optimize the only
characteristic that the PID can really control ifipOut. To make sure that the model will
keep a reasonable value ip tke positive integral deviation will be used aghe Tipin. In
this way, the time to reduce the pressure will siayfaster as possible (remember that the
positive integral deviation reflects the delay), 8@ criteria defined for a TipOut are positive

and negative integral deviation, as in a TipIn (fFeg4.3-12).

'y

Positive Integral deviation

RailP_pFlt
Rail_pSetPoint

pressure [p]

Negative Integral Deviation

: -\’_/’/\/ >
time [t]
Figure 4.3-12 TipOut criteria

To finalize the step of criteria calculation, thedes developed are integrated to
Bender 4 (chapter 3.8.4) and the measurementyvah@ated using these criteria. As output of
this step, an excel table with all points measypaatameters value, engine speed and torque)
and the respective criteria values (negative arsitige area) is created (one for Tipln and one
for TipOut).

4.4 MODEL OPTIMIZATION

After doing the measurements and evaluating thefBeinder 4, it is necessary to
find the model optimization using ASCMO (chapter)3.
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First just TipIn will be analyzed. As said befothe criteria chosen were negative
area and positive area. Figure 4.4-1 shows hownibae| of this system looks like. In the left
part of the figure is the negative area and pasiéirea and in the bottom is the engine speed
(left), kppos (Middle) and kos (right). It is possible to see the influence gfakd k in criteria.

For example, if kis too high, the tendency is having a faster systaut with more overshoot.
This means more positive area and less negativeisggossible observe below.
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Figure 4.4-1 Model design - TipIn

Figure 4.4-2 shows the model error. The R? of looiteria are almost perfect (96%
for negative and 95% for positive). Fourteen pouése considered outliers in negative area

and eighteen in positive area.
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Figure 4.4-2 Model Error
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Figure 4.4-3 shows the Pareto for this optimizafmnan engine speed of 2300 rpm.
This model is looking for the smallest negative angbositive area closest to zero. The
optimum points are located in the bottom rightwé figure, where positive area is closer to
zero and negative area is the smallest value gesisibthat. For each of the engine speeds

(nine, in this case) a Pareto front will be desthrsttached in this document, it is possible to
find the graphic for other engine speeds.
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Figure 4.4-3 Pareto Optimal 2300 rpm
Figure 4.4-4 shows one point in the measuremertt khand k from the large

window are very close to the point in the Pareliois a good calibration, with a very small
overshoot (6,9 bar) and a delay of 48,7 ms (hdeelaagain in Table 4.3-1).

Sobol n® 292
Kp: 0.0492
Ki: 0.0313

dp2 = 6,9 bar
delay = 48,7ms

I.
e |

=n
Lo

Figure 4.4-4 Measurement

Using the error over training data size (explainedpage 60), it is possible to
conclude that at least 250 points are necessdrgwe a good model quality. Figure 4.4-5 and
Figure 4.4-6 shows the result for all nine engipeesls.
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Figure 4.4-5 Error over training data - Negativedr
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Figure 4.4-6 Error over training data - Positiveear

To validate these results, one more time is necgggang to the test track and with
the Fry tool confirms if the results are good campes are necessary. As explained in chapter
3.8.5, the only thing necessary to use fry is drfie2and excels tables with the Pareto front
of each engine speed that is necessary to optimtee next three figures show the result of

this validation in some of the engine speeds chosen

N
S\ |
el 11 TipIn: 1100 rpm
o~ Vi Torque 250 Nm
[ kp 0,0387
i \ ki 0,029
rd Rail_pSetPoint | Overshoot 6 bar
/ RailP_pFlt = Delay 50 ms
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// T ,
i | TipIn: 2600 rpm
i 7 Torque 250 Nm
/ _ kp 0,044
f:?r ﬁﬁ ki 0,036
jifi Overshoot -1,5 bar
,r,rlj —— Rail_pSetPoint || Delay S0ms
A RailP_pFlt i
iy .
i Tipln: 3200 rpm
Torque 250 Nm
e ] kp 0,043
wf;f?ﬁ o ki 0,038
o Rail_pSetPoint || Overshoot 0 bar
o = Delay 51 ms
s RailP_pFlt |
" | |

With this validation, it is possible to concludethhe calibration goal can be reached

for a TipIn. With this method, the system has & ffi@havior and a minimum overshoot.
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Figure 4.4-7 Model design - TipOut

The same procedure is repeated to a TipOut. Asksdiate, a Ford Fiesta was used
to make the TipOut study, since with C4 was nossge to find a model. Figure 4.4-7 shows

the model design. As expected, to reduce the negatiea it is necessary to decrease the
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value of I-gain. Besides that, it is possible te $leat, the variation of P-gain has no big
influence in the output.

All the others steps were repeated to a TipOwtialt observed that is necessary 250
points to have a model and the quality was notoasi @s in a Tipln. The negative area has an
R2 of 82% and the positive area 84%.

The Pareto front from each engine speed was gedeaad the optimum values were
found. The results have an interest behavior: #laes of ks and kneg were almost the
same, the biggest variation appears in thgualue, it is always smaller thagd.

The next three pictures show the validation in éheagine speeds: 1500, 3000 and
4000 rpm.
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Figure 4.4-8 Validation TipOut - 1500 rp
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Figure 4.4-9 Validation TipOut - 3000 rpm
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Figure 4.4-10 Validation TipOut - 4000 rpm

4.5 VALIDATION WITH A SECOND CAR

To confirm the applicability of this method, alktiprocedure was executed again in a
second C4 with the same characteristics as the Tire same test plan with 300 point, nine
engine speeds and a torque of 250 Nm were meaagead in this second car and the results
will be presented here. The TipOut was not analygede the system behavior is the same as
the other C4.

The model error has a very good quality (R? eqo&@3% to negative area and 98%
to positive area) as the first C4, as it is possiblobserve in Figure 4.5-1.
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Figure 4.5-1 Model Error -"2C4

The number of points necessary to design a modehdsexpected, the same

minimum 200 points as before (Figure 4.5-2 and f&gu5-3).
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Figure 4.5-2 Error over training data size - 2nd C4
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Figure 4.5-3 Error over training data size - 2nd C4

Comparing the model design from the first (Figuré-4) to the second C4 (Figure
4.5-4), it is possible to observe that has the ssimape and the same behavior with different

engine speeds and a variation gfokand kyos.
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Figure 4.5-4 Model design - 2nd C4

Figure 4.5-5 shows the Pareto front for this optettion for an engine speed of 2300

rpm. As the first car, this model is looking foetemallest negative and a positive area closest

to zero. The result is the same as with the figt Which is really important to confirm the

applicability of this method. For each of the emgspeeds (nine, in this case) a Pareto front

was designed.
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Figure 4.5-5 Pareto front 2300 rpm - 2nd C4

With the second C4 a complete test drive was regltp confirm the robustness of

the results. All tests will be presented now.

The next five figures show the result of this vatidn in some of the engine speeds
chosen (1100, 1400, 1700, 3200 and 3500 rpm). hdiroo one of the advantages of this
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method - quality, it is possible to see in the nigx¢ pictures a comparison between the

calibrations with this method and the calibratiame with the traditional method.

Original Calibratiorl/,,..-ﬂ* Optimized Calibration
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Figure 4.5-6 1400 rpm
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Figure 4.5-7 1700 rpm
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Figure 4.5-8 3200 rpm
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Figure 4.5-9 3500 rpm

Next table shows a comparison about overshoot afal detween the results with
original and optimized calibration. It is possiltbesee that in all engine speeds the optimized

calibration is faster (smaller delay) and has senall’ershoots.
Table 4.5-10riginal vs. Optimized calibration

Torque: 250 Nm Calibration
Original Optimized % of Reduction
Engine Speed Overshoot Overshoot Delay | Overshoot

Delay (ms) (bar) Delay (ms) (bar) (ms) (bar)

1100 90 -12 60 -4 33,3% 66,7%

1400 71 -8 60 -6 15,5% 25,0%

1700 80 -20 61 -10 23,8% 50,0%

2000 60 -10 59 6 1,7% 40,0%

2300 70 20 50 2 28,6% 90,0%

2600 70 12 60 -10 14,3% 16,7%

2900 60 10 50 4 16,7% 60,0%

3200 60 15 51 -7 15,0% 53,3%

3500 70 36 51 2 27,1% 94,4%

Figure 4.5-10 show how the value agfyd and ks are changing in function of

engine speed. It is possible to observe the valtitee first and the second C4.

P-gain — large signal
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Figure 4.5-10 P-gain optimized
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As should be expected, the variations betweenwoegraphics are really small. In
the graphic of P-gain, the biggest dispersion 14700 rpm with 5% of difference. In the
graphic of I-gain, the biggest dispersion is in@7PmM too with 3% of difference.

I-gain — large signal
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Figure 4.5-11 I-gain optimized
Tn is always within 0,9 and 1,6 and the biggest d&pa is in 1700 rpm, with 7%.
Tn - large signal
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Figure 4.5-12 {-large signal
After a calibration, some test drives must be dtmecheck rail pressure
stability. It is necessary to check the behaviothwiominal and min/max systems too. For
that it is necessary to physically change MeUn comept to a min and max or simulating this
system. The procedure chosen here was simulatfmidea is simple: shift MeUn curve/map
that converts volume flow to current about £ 150.nt\this way, the quantity delivery for

the MeUn will change, so it will look likes thatetlsystem is using min/max components.
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MeUn closed with 1= 0A

Flow Rate

Current
Figure 4.5-13 Min/Max system

The first test drive is basically full load accetéon by shifting gears™ito 5" gear at
3000 rpm up to approximately 100km/h. This testvelrivas executed for the original
calibration with nominal system, the optimized bedtion with nominal system and the

optimized calibration with min/max system.
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Figure 4.5-14 Test drive 1 - Original values

Figure 4.5-14 shows how this test drive looks likeis possible observe that the
engine speed in green is increasing and when taeigehanging, the value is coming back
to a lower value and increasing again until thetigevar. In this figure is possible to see a very
high overshoot, this happened because the syst@snddave time enough to reach the
plateau when is going to overrun (in the moment ifhahanging from one gear to other). But
the important point in this test drive is a guaegnthat the system is not going to the

monitoring state.
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Figure 4.5-15 shows in the same plot original aptintzed measurement. The
dispersion between both is 10 bars, which mearistith have the same quality and both are

not leading to a switch to rail pressure monitoring

5

RailP_pFlt_original
RailP_pFlt_Optimized
Rail_pSetPoint

X

Figure 4.5-15 Test drive 1 - Original vs. Optimized

Below is possible to see a plot comparing the biehaf min/max system with the
optimized calibration. The difference between mad ain is less than 5 bars, which means
the calibration is robust enough for this systematen.
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Figure 4.5-16 Test drive 1 - Min/Max system

The second test drive to be realized is the seddbaw test full load — overrun”.
The procedure is driving full load/overrun in seace e.g.? gear (accelerator pedal should
be pressed and released suddenly). Table 4.5-2sshow was the sequence used to do this

test drive.

107



Table 4.5-2 Saw test full load-overrun

Full load

1000...2000

1500...2500

2000...3000

2500...3500

3000...4000

3500...4000

Overrun

2000...1500

2500...2000

3000...2500

3500...3000

4000...3500

rpm

Figure 4.5-17 shows a complete test drive with dpgmized values, it is easy to

understand why it is called saw test; the engimedps increasing like a saw.

Pressure (hPa)

RailP_pFit
Rail_pSetpoint
Epm_nEng

Time (s)'

Figure 4.5-17 Saw test full load-overrun

Figure 4.5-18 shows a more detailed plot when tiggne speed is going from 2000
to 3000 rpm (the others engine speed have simglaavior). In this measurement is clear why
it is important to have the minimum overshoot assae in nominal system: in a max system
more overshoot can be observed, but is still ae@eble behavior (an overshoot of 15 bars);
and in a min system some undershoot appears (-is). bBhe plot is using optimized
calibration.

| 2000 rpm -> 3000 rpm

Pressure (hPa)

. Rail_pSetPoint
RailP_pFit_max

RailP_pFIt_min
B raiP_oFit_nom |

Time (s}
Figure 4.5-18 Saw test drive - 2000 to 3000 rpm

Figure 4.5-19 is comparing original and optimizgdtem. In the left side, a step

from 2000 to 3000 rpm to both systems; you cantBatthe optimized system has a fast
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behavior with no overshoot. But, the biggest adagatappears in a higher engine speed: in
the right side a plot of one step from 3500 to 4§8@; with the original system an overshoot

of 20 bars is observed, whereas in the optimizedpal overshoot of 9 bars appears.

Pressure (hPa)

2000 rpm -> 3000 rpm

B s e e~ — P e ittt

3500 rpm -> 4500 rpm

RailP_pFlt_original
RailP_pFIt_Optimized
Rail_pSetPoint

Time (s)

Figure 4.5-19 Saw test drive — original vs. optiediz

The same test drive (0 to 100 Km/h and saw tektdatl-overrun) was executed one
last time with the optimized values, but now witler/thing ON (air conditioning, wipers,
warning light flasher, Taillights and so on) to Gaon that the behavior will not be more
critical than before. Figure 4.5-20 and Figure 215shows the test drives’ results.

pressure (hPa)

Saw test — 2500 to 3500 rpm

RailP

rai

F

Rail_pSetPoint
pFlt_Optimized_ON

IP pFlt

caAlil

time (s)

Figure 4.5-20 Saw test drive - equipments ON
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0 to 100 km/h — shift 3000 rpm

———

RailP_pFlt_fry ON
RailP_pFlt fry OFF
Rail_pSetPoint

pressure (hPa)

time (s)
Figure 4.5-21 Shift gear - equipments ON

As expected, with all equipments ON, more injectisii be necessary to have
energy enough to supply everything, which meansemwaume overflow; therefore, less
pressure will be inside the common rail. This carclearly observed in the right side of the
figure above: the RailP_pFIt with everything ON Ha&sbars less in the overshoot than the
normal measurement.

To complete all validation of a rail pressure caltion, a list with a lot more test
drives needs to be done, however for the goalisffoject, the test drives here presented are
enough to confirm the quality and the robustnestheflarge signal calibration. All the other

test drives not presented here concerns the qudlggnall signal, pre-controller and so on.

4.6 RESULTS AND TESTS

As defined in the beginning of this work, the mgigbal of this project is to have a
robust method that leads to the best parametergh@rlarge signal), that can reduce the
currently required time and costs. The robustnest the quality achieved were already
demonstrated in the chapter before.

The required time in the old method is a completidy of working (8 hours) and
needs to be executed completely by an engineeh thét new method, the total required time
is four hours and half, which means a reductiod48fh in the time. Besides that, one hour can
be executed by a technician, so the engineer smeduced by 56% and, almost all work can

be realized in the office, just the last step, Wh&Fry optimization, requires going to the test
track again.

110



Time Responsible Where
1) DoE Experiment: 1 hour Engineer Office
- Defining correct labe (0,5 hour Enginee Office
- Creating test pl (0,5 hour Enginee Office
2) Automated Measurement:| 1,5 hour
- Creating Bender Packi (0,5 hour Enginee Office
- Measurin (1,0 hour | Techniciai Test trac|
3) Criteria Calculation: - Engineer Office
4) Data Model: 0,5 hour Engineer Office
5) Optimization: 0,5 hour Engineer Office
6) Validation (Fry and test 1 hour Engineer Test Trak
3,5 hours Engineer
Total 1 hour Technician

Figure 4.6-1 Time results

To test this tool, the method was applied in a cestomer with a different system:
Ford. The car used was a Ford Fiesta, with MeUnsétar, CRS 2.2 with CP4.1 and a DV6D
engine.

All method was applied to this vehicle, since darabf a test plan until the entire
test drives required. The TipOut study was desdrigkeeady in the chapter 4.4. Here, the
validation of the method is just about TipIn. Thember of points of the test plan is 250 and
number of operation points is just 7 engine speEigire 4.6-2 shows the model quality for
the optimization: the negative area has a R2 of @9b positive area has a quality of 97%,

which means the model is very good and therefatalda for quantitative predictions.

Postivedres

BHALYE AN B
w107 ASC,RMSE 1783654965, R2: 0.99 w100 ASC,RMSE: 67495 7653, R2 0.97
T T T T T T T

Data of 248 Negativesrea
Data of 253 Positivearea

4 R Lo
Ll it et i Aalatek Ry el
B 7 8 g 1 1 12 13 i} 3 10 15 0

Model of 243 Negstivedrea x105 Model of 233 Positivelrea ><105

Figure 4.6-2 Model Error - Ford Fiesta

Figure 4.6-3 shows the optimized values for P-gaid I-gain to Ford Fiesta.
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Ford Fiesta Optimization

0,05 |
0,045
0,04
0,035
0,03
0,025 #———w—

0,02 ! -
1000 1500 2000 2500 3000 3500 —+—FP-gain

Engine speed {rpm) & |-gain

Figure 4.6-3 Optimized values - Fiesta

{mm3¥s2hPa)

The validation of these optimization values arespréed now. In the left side is the
original calibration and in the right side is th&timized one. The next four figures are from a

measurement with 1000, 2000, 3000 and 3800 rpm.
With an engine speed of 1000 rpm the new and tHecalibration has the same

undershoot (-10 bars), but the optimized calibratias a faster behavior.

o )erff
o
=
d
= Rail_pSetPoint
]
o RailP_pFit
o

Qriginal calibratiqn Optimized calibration

15,18 1E 1R 12 13

Tenn & Tt &

Time (s)
Figure 4.6-4 Ford Fiesta - 1000 rpm

In higher engine speeds the differences of qualdiween original and optimized
calibration start to be bigger. With an engine spee2000 rpm, in the original calibration
there is a delay of 190 ms and an undershoot cbtIi30 bars. In the optimized calibration

the delay is reduced to 150 ms and an undershddbafs, which means a reduction of 20%

in the delay and 70% in the undershoot.
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a Rail_pSetPoint
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L /s RailP_pFlit

Original calibration Optimized calibration

Time (s)
Figure 4.6-5 Ford Fiesta - 2000 rpm

In an engine speed of 3000 rpm the difference éneawore, with original calibration
the delay is 210 ms and the undershoot is almo&aPs With the optimized calibration the

behavior is almost perfect: just 3 bars (reducta@n88%) of undershoot and 150 ms

(reduction of 30%) of delay.

oy ’
L

£ 7

E / I.".I

= /" | Rail_pSetPoint
0 .

o RailP_pFit

o

Original calibration Optimized calibration

i —— e
Time (s)
Figure 4.6-6 Ford Fiesta - 3000 rpm

——— ]

Rail_pSetPoint
RailP_pFit

Pressure (hPa)

Original calibration Optimized calibration

Time (s)
Figure 4.6-7 Ford Fiesta -3800 rpm
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It is possible to observe with the original caltiova that in higher engine speeds is
not possible to reach de set point in the platédlul¢ad). This behavior probably is due from
some mistake in the prior steps when the pre-cthetreas calibrated. The pre-controller has
to guarantee that is possible to reach the plateau.

This brings one more good point of this method:neifein the prior steps some
mistake occurs, the model optimization can reduee groblems. This can be observed
looking in the curve in Figure 4.6-3. For highegiere speeds is necessary higher values of
Kp, otherwise the system would not be able to relelptateau, however this problem doesn’t
appear in lower engine speeds, so smajleak be used.

Table 4.6-1 summarizes the behavior of the origarad optimized calibration. In
comparison to the C4, the delay in this vehiclaligays at least two times more. This shows
how much the system can change the behavior frarposject to another and why the Table

4.3-1is just a tip, cannot be used in all situagio
Table 4.6-1 Behavior: Original vs. Optimized (F&st

Calibration
Engine Speed Original Optimized % of reduction

Delay Overshoot Delay | Overshoot

(ms) (bar) (ms) (bar) Delay | Overshoot
1000 150 -9.5 127 -10 15.3% 5.3%
1500 149 -12 119 -9 20.1% 25.0%
2000] 190 -23.7 150 12 21.1% 49.4%
2500] 179 -54.8 140 0 21.8% 100.0%
3000] 210 -22.8 150 -3 28.6% 86.8%
3500] 155 -23.8 120 4 22.6% 83.2%
3800] 179 -22 120 -5 33.0% 77.3%

Figure 4.6-8 shows the results of the test drieenf0 to 100 km/h. Min/max systems
are in the same plot and it is possible to seentbdtig oscillation in this test drive because of

this. The calibration used is the optimized regund using Fry.

©
0
=
L Rail_pSetPoint
a RailP_pFit_manx
4 RailP_pFit_min
a RailP_pFlt_nom

13
Toe 8

Time (s)
Figure 4.6-8 Test drive 0 to 100 km/h (Fiesta)
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Figure 4.6-9 shows a short result of the saw tegédlt is possible to see a variation
of 12 bars from min system to max system, whiatxisected and not critical.

2500 rpm -> 3500 rpm

Pressure (hPa)

Rail_pSetPoint
RailP_pFlt_max
RailP_pFIt_min
RailP_pFlt_nom

Time (s)
Figure 4.6-9 Saw test full load (Fiesta)

The results with Fiesta confirmed that the meth®dobust and can find the best
values of P and | gain.
Besides that, one of the goals of this projectoisdéfine a strategy. After all
development, the conclusion is:
- Itis necessary at least seven operation points.
- The test plan will have 250 points.

- Each point will be measure just one time.

4.7 NEW STUDIES

After the end of the method development, some neestipns were opened. First,
until now, the maximum torque was used for givingtep response to the system. When
accelerating the vehicle with maximum torque, thik lead to strongest gradients of engine
speed, injection mass and setpoint pressure (tinst wase of step response). The question is,
if a test plan with different torques could bringyaadvantage. The problem of this point is
that the values of Pl-gain can only be calibrateflinction of the engine speed.

The second question is if the optimization reswdte also valid for all gears
(measurement was done i#f Bear, check also the other ones).

To answer these questions, a lot of measuremetitsGali and Fiesta were made and
the conclusion will be shortly described here.

The next two pictures show a Tipln with differeatdques in an engine speed of 2200
rpm using the C4 and with an engine speed of 3p60using Fiesta.
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Figure 4.7-2 Different torques — Fiesta

As expected, the variation was not significant. Diggest one was found in Fiesta
with 2500 rpm. In this operation point, the maximtonque (100%) has an overshoot of 8
bars and an absolute maximum value of 1430 barth Witorque of 60%, the overshoot
increased to 20 bars and the absolute value i438€ bars.

It is possible to see that when the torque is smale overshoot can increase (the I-
gain is increasing too fast, leading to an ovesgues). However, the step response of the
setpoint is smaller with 60% of torque than thepstesponse with 100% of torque. This
means that the control behavior with 60% of torgueorst, but not critical (absolute value is

more far away from the maximum pressure).
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The conclusion for this question is that use auergith the maximum value gives
the guarantee that the critical cases will alwagwveh more importance to define the
parameters. If in a specific project the customants to optimize the behavior in different
torgues, two solutions can be used:

- If it is known since the beginning that a smallerque is more important,
the test plan should use this torque.

- If in the validation the customer realizes thatiffecent torque has more
problems than the maximum torque, the last stepbearepeated for this
change. That means the Fry optimization can beggthfor this different
torque. So, the customer will go to the test tracd will change the sliders
to find the best optimization for this torque.

The second solution is the recommendation for sghbad rail pressure behavior
with different torques.

About different gears, the measurements show tietvariation is not significant.
The second gear leads to the best results alsotf@r gears. If a specific project has
problems with different gears, the step using Fay be used to optimize this specific point.
Figure 4.7-3 shows an example of TipIn's with di#iet gears (engine speed of 1100 rpm)
using Fiesta.

S’d gear | :::- _p:h gear

Sthgear

e ort

YEEESBESIBEEBitERianERnii
R EEEEEEEEEEREEESRER’

Pressure (hPa)

{

o

-
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T
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T
T
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T
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Figure 4.7-3 Different gears - Fiesta - 1100 rpm
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4.8 CONSIDERATIONS

As all engeneering projects, some difficulties weteserved during the method
development. The first one was to understand thenamtive mechanical and electronic
systems and how to apply the theoretical knowleslye¢hat. During the university, a good
background about controlling engeneering was aeduiHowever, it was missing to have
practical applications. The second problem obsewasl understand how to connect and to
use all the tools. And, the hardest step, it wadetwn how to make the measurements
properly and to analyze all the signals. Each dsmloped, new problems appeared and new
solutions had to be found.

As a student, to develop a project inside a compaas/a big challenge and a chance
to learn things that it is not possible to learnewtyou are just inside the university. In this
project was possible connecting all the theoretibackground acquired until today,
understanding how the management of project waoeksling with deadlines and presenting
results to possible customers. Step-by-step allsgdefined in the beginning of this project
were reached.

A completely method was developed to optimize thmmeters of the rail pressure
governor - definition how to create a test planwhio define the borders, which criteria
should be used, how to create a model, how to aeallje model and, finally, how to
optimize and to validate the results. Attachedhis tvork it is a final description of the
method step-by-step.

The first specific goal was developing the bestedon to optimize the controller
parameters of the rail pressure control. It wasneef after a lot of measurements analyses
and a lot of studies about the system behavior thatbest criteria for a Tipln and a TipOut is
positive and negative integral deviation, simpld ewbust criteria.

The second specific goal was developing an optimal strategy. The number of
operation points necessary to have an acceptabieln® seven (seven engine speeds with
the maximum torque), as it was possible to see Wi#hta. The optimum number of operation
points for a Tipln and TipOut test plan is 250 peilhe number of times that each point has
to be measured is one time. This conclusion wasenb@ded on statistical analysis. If each
point was measured more than one time and the nadaa of this was given as input to the
tool ASCMO, the information about the system spneadld be lost.

And, the last specific goal was to integrate thehoe to another vehicle to see if it's

usable. The integration was realized with a seaafuicle with the same characteristics as the
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first one and, with a third vehicle with differesystem. The results were as expected for all
them, which means the optimum calibration was fowitd the method.

The method is applicable and robust. The time rsacgdo execute it is fifty percent
less than the traditional method, which means aatsmh of cost. And the results are even
better: faster and less overshoot than traditioakbrations were found.

Until now all the theoretical studies are done, degelopment of a robust code to
calculate criteria is finished, required verificats to confirm the results were realized,
application of method with a first customer proja@s executed and calibration hints were
developed.

However, a long way can still be investigated. Thactionality of Advanced
Simulation of Calibration in the Rail Pressure gowe is confirmed and can be used. Now,
methods used to calibrate other systems can b&ethéfccannot be executed using the same
methodology. As a new idea, a study about howdtude the calibration of the pre-control in
this method can be realized.
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5 MANAGEMENT

The figure above shows the steps for a completelyeldpment of a new project.
This work had the goal of finishing the first twiegs: study and concept.

> Study %(% Concept 9 Development
: f Method Development, @ + Tool Development @ @’ Usage
RIS Al ool Prototype+Requirements/J + Method Validation

A well-planned project is the key to achieve goesuits. Set milestones, risks, costs

Rollout
Piloting + Rollout
Method&Tool

and availability of resources are the main factitglied to obtain a good performance. This

chapter shows the analysis of these factors.

5.1 SCHEDULE

Set milestones are an important point to finishr@jgot as expected. A detailed
schedule with all milestones helps to not lose tand always have a general view how the
whole project is developing. Table 5.1-1 shows wéach step was developed and how many

hours were necessary.
Table 5.1-1 Project schedule

Index Tasks |Hours| Beginning | End
1 Study of the problem
1.1 Analyzing market customers 17 | 2, Mai. 11| 4. Mai. 111
1.2 Patents verification 20 | 5.Mai. 11| 10. Mai. 11
1.3 Researching services' cost17 | 11. Mai. 11| 13. Mai. 11
1.4 Governor Theory 35 | 16. Mai. 11 20. Mai. 111
1.5 Bosch Method 35 | 23. Mai. 11| 27. Mai. 11
Total of hours 124
2 Feasibility’ project study
2.1 Analysis of the measurements reproducibﬁlitﬂo 6.Jun. 11 14. Jun. 11
Total of hours 40
3 Design of Experiment Plan
3.1 Definition of border parametefs 35 15. Jun. 11 21. Jun. 11
3.2 Testplarl 70 | 22.Jun. 11  11.Jul. 11
Total of hours 105
4 Automated Measurement
4.1 Study of EDC1}y 35 12. Jul. 11 18. Jul. 11
4.2 Study of ETK 17 19. Jul. 11 21. Jul. 11
4.3 Bender too| 17 22.Jul. 11 27.Jul. 11
4.4 Measurements 35 28. Jul. 11 3. Aug. 11
Total of hours 104
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Criteria Calculation
5.1 Defining which criteria will be programmed 35 4. Aug. 11| 10. Aug. 1
5.2 Programming criterig 90 | 11. Aug. 11| 30. Aug. 11
5.3 Defining mode] 35 | 31. Aug. 11 7. Sep. 1]

Total of hours 160

ASCMO

6.1 Data-mode| 35 8. Sep. 11 14. Sep.
6.2 Optimization 40 15. Sep. 11  22. Sep.
6.3 Visualization 20 | 23.Sep.11 27. Sep.

Total of hours 95

Test Program

7.1 Testing System 20 28. Sep. 11 30. Sep.
7.2 Validation of results 35 3. Oct. 11 7. Oct. 1
7.3 Analyzing results 35 10. Oct. 11] 14.0ct. 1
7.4 Defining next stepgs 35 17.0Oct. 11] 21.0ct. 1

Total of hours 125

Seminar presentation

8.1 Developing Thesis 90 24.0Oct. 11] 11. Nov. ]

Total of hours 90

Total of hours in the Project 843

5.2 COST ANALYSIS

The budget total expected for developing this mtoas 55 000 €. This total
includes: price of booking test tracks, personglacity and licenses. All vehicles used in this
project were yielded from Bosch’s customers to gangtudies (not just for this project), so
the costs are not included here.

Description/ Year 2011
Budget Total 55000 €
Tests 10 000 €
Personal Capacity 44 000 €
Other costs 1000 €

The tests included booking of test tracks. Thettask planned to be used during all
project was the Boxberg track (see attached to fpirigject), however, after some
measurements, it was possible to conclude thata#l s#st track and cheaper could be used to

the basic tests, saving some money. One hour irb@&gxis 120 Euros, since this test track
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was used five days, each day five hours, just 3ID@®s were spend in test track, instead of
9600 Euros planned in the beginning.

The personal capacity is included one engineeceSime project was developed with
a student and a supervisor, this value was redioced

60
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E’BD / ) Real costs
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e Bucdgetplanned
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o /
g
< = [l
1 2 3 4 5 6 7 8 9 10 11 12
Monat

Figure 5.2-1 Real costs

The graphic above shows the budget expected ance#heexpenditures. The total

expenditures were around forty thousand Euros, whieans that ten thousand euro was
saved in this project.

5.3 RISK ANALYSIS

A risk analysis was done with possible problems tt@uld happen during the
development of this project and what should be abton if this really happened. Once

determined, these were sorted according to theana of occurring and impact in the
implementation (Table 5.3-1).

Table 5.3-1 Risk analysis

Severity Effect/Description | Probability | Impact Action
Necessity of a new
prerequisite as a Mitigate: Checking
HIGH request f)f the 60% 05 possible influences and ‘
company: add a study how to define corre¢t
derivate parameter |n borders to this parameter.

the controller
External influence
that could lead to

mistakes in the Living: doing measuremennt
MEDIUM measurement (e.g 70% 0.3 more than one time to
temperature, observe influences
problems in the
track)
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Eliminate: Reorganizing

MEDIUM Delay in the 20% 0.8 | the schedule to finish the
schedule . .
project on time
Necessity of extra
time to study the Mitigate: Solving doubts
MEDIUM technology and 20% 0.8 with the supervisor and
methods to develop look for new solutions.
the project

Difficulty to have
the car available in 0 Mitigate: Perform other

MEDIUM the moment that it i 60% 02 activities (e.g. Report)
necessary

°Z

Label:
e Impact: Value between 0 and 1.
» Severity: Severity of the analyzed risk (2Ptobability + Impact) / 3
e High-0,75t01
* Medium -0,25t0 0,74
e Low-0 0,24

The problem with external influences was obserwaiihg the project and difficulty
to have a car available too. Both problems wergesblsing the actions described in the

Table 5.3-1 and no effect in the end was felt.
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6 FINAL CONSIDERATIONS

The usage of the Advanced Simulation for Calibrafiar the rail pressure governor
iIs a new method developed at Bosch during theyeat as a study. The idea was trying to
develop a new method using ASC to find the bestrobber parameters that could bring cost
and time reduction in relation of the traditionagtimod.

After this year, a lot of research and measuremegats done and a new method was
developed with all validations necessary to confitenfunctionality, everything based on
control theory and all theory concepts requireth®automotive engineering.

Using the proposed new method, the time reductias almost 50% of the original
time. The behavior of the system was even betten tthen the traditional method was
applied. Besides that, with this method the engigieesn’'t need to have a deep knowledge
about controller engineering, doesn’t need to besqmt all the time and, even that, it is
possible to make adjustments easily if necessary.

A very important conclusion observed was about hbe method behaves when
something in the prior steps was not done as re@rded. In the validation with a Ford
Fiesta was observed that the values of the preqaltart were different from the suggested
values in the calibration hints and the behaviothef system was really bad in higher engine
speeds. However, with this new method, it is pdsstb reduce the expected problems
without giving this information to any tool. Thisftects the robustness of the method.

Other important result concerns the reliability e method. The theoretical
background was studied deeply and the results al@rays connected to the concepts. The
traditional method had no clear theoretical backgth

The results reached the goal defined in the beginhand it was possible to observe,
that the Advanced Simulation for Calibration isaltwith a lot of applicability. New studies
in other vehicle systems and new ways to use #uknblogy are already being developed
inside Bosch. About the future of this study, sosteps still can be done to include some
other calibration parameters inside the method. fireeidea to be analyzed in the future is

the possibility of including the pre-control calatibn inside the method.
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APPENDIX
APPENDIX A — METHOD DESCRIPTION

ASC for RPG — step-by-step

Software’s necessary:

- INCA V6.2

- ASCMO 4.1 (with plug-in EDOR),

- Bender 4.3.2

- Fry

Required files:
- ASCforRPG_edor.exde
- Borders_draft.xls
Information necessary:

- TipOut optimization included or not*.

- Kperit and £ for all engine speed range.

- Variables name to be used as engine speed (e.g. rinyg), torque (e.g.
APP_rLInAPP_CUR), the four parameters of P-gain kgdin to the large signal
and two variables that can be use as ID (e.g.: SigtShOff_ATS.CnvFac_C or
SigTst_stShOff ATS.CnvOfs_C)

Time necessary:

- Desk: 2h05

- Test track: 2h00 (without TipOut) or 2h30 (with Tipt)
Team necessary:

- One engineer: 3h05

- One technician: 1h30

*TipOut:
If the project has no problem with TipOut it is egb:
1. Use the same value tgyksand kneg and
2. Use the lower border of-kg (‘Borders_draft.x|s’);
Otherwise, same procedure as Tipln has to be done.
Tip: the increase of the required time for the measards is half an hour.
Even if the first option is chose, a good ideaasrake the TipOut measurement
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anyway. So, if you have any problem later with TipQou already have the data

necessary to analyze.

1% step — ZiNi Method

Required software’s:INCA (Car is necessary)

Output: Kperit and it for the whole engine speed range.

a) Change large window to a higher value, in a way jilgt small window is active:

Fail_piMelnCtilidinkeg_C -50000
Rail_pMelnCtilwinPos_C 50000
Rail_pMelnCtPitinkeg_C -40000

Rail_pMelnCtPWinPos_C 40000

[hPa]
[hPa]
[hPa]
[hPa]

Rail_phtelUnCtlinteg_C w 3276800 [hPa]
Rail_pMelnCHWinPos_C * 3276700 [HPal
Rail_ptelnCtiPYWinNeg_C w 3276800 [hPa]
Rail_pMelUnCtPWinPos_C * 3276700 [HPal

b) ki and lg must be zero.

c) Change the engine speed to the one desired. Tle¢ HISDem nSetPLoWrm_C

defines the engine speed, the label Rail_pSetRoirgtabilizes the value of the

setpoint (otherwise, too much oscillation is obsdjv

HLSDem_nSetPLovrm_C
Rail_pSetPaint_C
Rail_swiPSetfoint_C

“ 1100.000

“ 300000 [hPa]
“1.000 [-]

d) Increment k until stability limit (F7), wait 3 seconds, andethuse F6 to bring the

system slowly back to a steady state. Wait 10 stcand repeat again (three times).

The measurement will look like Figure 1. With thiseasurement, it is possible

calculate ki and Tt (Figure 2). Counting ten periods and divide by tiecalculate

Tcrit-
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T T T
——| "¢ Rail_MeUnCUPKp_mp mm”3/s/hPa
— | *2 Rail_pSetPont hPa
—— *& RailP_pFit hPa

Kpcrit
/~
0,08 rdl

W1
L
P

Rl MelinCtFe
o a
5 & @ 2
= o o [=]
5 % 8 8

oo - —a - - — - - e - - —E - — - - —E

Figure 1 - k¢t

N | |
» 011261 011261 0 mm"3/s/hPa
Terit 390E+05 3.80E+05 O hPa
4 378E+05 3,83E+05 5400 HPa
\ L
N
™
N
N
N
N
N
™ |
N
N
N
\\
'
111 112 13 o 114 15 118
ime s |
33 Al | *E Analog | *F Digital | %8 Comments | & €
5 ampLE MIN{MAX |Active: RailP_pFIE T: 1kl [s]: 112,300252 2 [s]: 113,070685 * £2-t1 []: 0,170413
Figure 2 Tt

2" step — Design of Experiment (30 minutes)

Required software’s: ASCMO 4.1 — plug-in EDOR

Required files. ASCforRPG_edor.exde and Borders_draft.xls
Input: Kperit and it

Output: Test Plan

a) Adding keerit, ferit @and engine speed Borders_draft.xls and generating DCM file.
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EngSpeed

250 500 700 900 1000 1250 1400 1750 1900 2400

kpcrit

00527 0.053% 0.054; 0.085] 0.057 0065 0.061 0.062f 0062 0052

ferit

2.6 5.6 5.6 2.6 5.6 6.2 B.55 7.15 7.4 7.9

Create DCM

Figure 3 Borders_draft

b) Opening ASCforRPG_edor.exde

1. General settingschange input names to the one defined in your

project and change minimum and maximum values aabkes
(in the Borders_draft.xls you can see the min/max value of
Kpposineg@Nd Koosineg-

Tip: it's not possible use a constant value in torque iyé be
necessary change this in the excel file in the 8edides that, if
your variable is a CUR or a MAP, take care abouatwkgion of
this CUR or MAP you want to modify (S&4“How can | modify

only a special region of a map or curveii Bender Help)

. Constraints: click in each constraint (4 in total) and imporeth

DCM file to upper and lower border.

. Cluster points: define engine speeds for the grid (at least seven

values)

. Export: export to an excel file (if TipOut include, expdwo

tables).

c) Opening the excel file and change the column ofiuerto the constant value

required and change the header Experiment Id @riable from your project that

can

used as ID (e.g.: SigTst_stShOff_ATS.CnvFac_Cor

SigTst_stShOff_ATS.CnvOf9. Tipln and TipOut test plan must have different

labels ID.
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3" Step — Creating Bender package (30 min)

Required software’s: Bender 4.3.2

Required files Test plan and DCM file (if necessary to initei INCA
configuration)

Input: Test Plan and DCM file (if necessary)

Output: Bender package

a) Opening Bender and creating a new project (Engh&D; TipIln or Tipin and
TipOut).

b) Adding a new task; adding TipIn test plan (and TupOand DCM file to initial
configuration (if necessary).

c) Changing setting according to your project (idlgiee speed and engine speed

limit).

(—— e
. Navigation M Settlnlgs
[ caTest Idle engine speed: | 1100 v

-1 7) 5_torques_2600rpm ‘ o
: Gl 2R D Engine speed limit, |4000 v

.. Ta varying Calibration Elements at Tipin

# [setve| Gallraon Eemert
i [0 |8igTst_stShOf_ATS.CrvFac_C
2 | O |onr
i 45paink: e
) C4_torque_45points 2 B |Emieng
|5 Smiothed_rpm_old i o o
- 4 [ |AccPed_trgEng_MAPT 1:10, 13
as i == ST L
i 7] |Rai
[#-3) TestingBorders X 1 :Ra.”TMEUI?C.UP.KFP.DS—QU_R
S fi Rail_MeUnCiiPKpNey_CUR
{3 Validation = ki
[+ Validation_9ap_wrong 7 | ERa.”TMEUI?C.".l.KIPUS—C_UR
i |Rail_MeUnCHilkiNeg_CUR

Operating Points, Stimulus and Parameter ID Configuration

Testplan Column Device . Measure Element i Raster
Engine Spaed ;Epm_nE.n"g. - VIETKC:1 o 1'éEpm_nE.ng. o . ‘r:segmemsynﬁhmhous v|
Tarque \8ccPed tqEng_MAP(T 111 | v |ETKC#MeasureCal | [AccPed_trgEng_tap [+ [10ms =
il \nccPed_tEng_MAP17 . | v |ETKC#MeasureCal | |[AccPed_traEng_MAP | [1oms [«
TiinID SigTs1_SISNOM_ATE CrvFa... ¥ |ETKC:T#easureCal ¥ | BiGTS1_SISHOM_ATE CivFa.. | 10ms ]

Figure 4 Bender Package
d) Selecting the four parameters to varying calibratelements at TipIn (and
TipOut).
e) Connecting to INCA and do the ‘Configuration of ogtéon points, stimulus and
parameters ID’.
f) Adding a measurement session.

131



4" Step — Measurement (1,5 hour)

Required software’s: Bender 4.3.2

Required files. Bender package

Vehicle is necessary in this step and a properlysetrack!
Input: Bender package

Output: measurements (*.dat)

a) Opening bender package created in the last step.
b) Going to test track, pressing play and starting theasurementTip: The

accelerator pedal must be completed pressed dailingeasurement.

File- Tools Help
=300+ &
Navigatinn ';:; 'Prugress -video : & Tipin
T T | #  Done M. E. A SL.R.R.R.R.
o amezss Temay N otz oo o <)
: 88 /301 ||
me fef et [ 212 O 301020000, 0.0 0,
23| T 2. 4.2 {00 oo
_ Next Action || 214 oo oo | N e P
Mext Action [ 218 __ | [ 13;0.... 0..0.. 0.
Collecting gradients || 216 | [ | 3. 1./210../0..0../0.
Engine Speed (212 [ | |30 26(000..(0.0 0.
18 3013900 0.
2149 3.1 4710000, D
__ - (220 | | (3.1 5600, 0. 0. 0..
bl ot _ 221 | & | [3.[1.]e0jo.fo. o]0
|g'| Ford_initial_dcm. dem Torgue: . 222 . . -31 . EiEEI UUEI
223 3.1, 6910..{0...|0....|D..
iden 1 R | O s i il I |
; o 224 v 3.1 F710..]0..]0....{ 0.,
B[] Criceria i e - A e i
| % 5 | || 225 | __ | 31 8450.... D...:D....;El...__.v
iJLog
o B LA o2 ] A I St T
[11:29:51] Measured latency: 0.156 M
[11:29:51] Learn tipin INCA latency (2543
[11:29:51] Maving to Epm_nEng=1000
[11:29:51] Measured latency: 0.156
[11:29:51] Learn tipin NCA latency (314).
[11:29:51] Mowing to Epm_nEng = 1000
[11:29:52] Measured latency: 0.25 [%
[11:29:52] Learn tipin INCA latency (454).
[11:29:52] Maving to Epm_nEng = 1000
[11:29:52] Measured latency: 0.094
[11:29:52] Progress saved (auto-sawve) - Inca latency.
[11:29:52] Learning Gradiert Map
[11:29:52] Mowing to Epm_nEng = 1000
[11:29:52] Start in 3 seconds! Maximum Tipin!
[11:29:55] Callecting positive gradient data for gradient map.
[11:30:02] Collecting negative gradient data for gradient map. o]

Figure 5 Automated Measurements
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5" Step — Criteria calculation (5 min)

Required software’s: Bender 4.3.2
Required files. Bender package
Input : Bender package

Output: excel file with criteria calculation

a) Opening bender package used in the last step.

b) In the navigation Menu, go to criteria; select thipin criteria (Negative and
Positive area).

c) Select the correct measurement session and thectatata file in ‘Criteria>
Source’.

d) Selecting signal allocation and defining ECU signah ‘Criteria - Signal
Allocation’.

e) Pressing the button ‘Start criteria calculationdaaving the results in a excel file.

f) Repeat procedure to TipOut.

= B9 ¢ oo M ;
EFE -fo | s ] x| 8 15210
- else
- erro = 1; 1EL |
- end
- end
- if (erro == 0] 14F 4

% Calculating Positivd

area_ = 0;

vPDev = vPSetPoint(1: 12F 1
- for i=vPSEtPDint_min_ﬂ
- if (wPDew (i) <0)
- area_ = area_ r ]
- end
- End nsk -
- wvalue = sbs(area ):
- else
= value = Nal; 06 E
- end

elze
1 1 1 1 1

B value = Nall; 0% 52 525 53 53.5 54 545
- end
@2 “end

Figure 6 Criteria Calculation

6™ Step: ASCMO (1 hour)

Required software’s: ASCMO V4.1

Required files. Criteria calculation file.
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Input : Criteria calculation file

Output: Pareto front (7 to 9 excel files)

All these steps need to be repeated to TipOut model

a)

b)

C)

d)

g)

h)

)

Opening ASCMO and click in Start import. Selecttéiin calculation excel file
created in last step.
Selecting engine speed, kppos and kipos as ingifiye and negative area as
output.
Go to ‘Model-> Training—> ASC (preferred)’.
Tip: go to View and select “Show model sigma” anghbw adjusted training
data”.
Go to ‘Model - Error (Leave-one-outy>» Measure vs. Predicted’ and delete
outliers if necessary.
Tip: R? (Coefficient of determination) should hgher than 90% to be suitable
for quantitative predictions.
With the right button in the engine speed, setrdie values (type the operations
points that you want, for example, [1100, 1400, @, 72000, 2300, 2600, 2900,
3200, and 3500]).
Move the cursor to the lower engine speed and ne&etthe engine speed input.
Go to ‘Optimizatiorr> constraints> input bounds’ and define the borders of kp
and ki for this engine speed.
Go to ‘Optimization> Multi-criteria’.
If TipIn, select as output
- Negative area and the criterion Minimize; and
- Positive Area and the criterion Target with a vabfieero. Click in
optimize.
If TipOut:

- Negative area and the criterion Target with a valusero; and

- Positive Area and the criterion Minimize. Clickoptimize.
In the plotted Pareto, go to Extra and export tesul
Tip: named the file with the engine speed chodses.. Pareto_2300rpm)
Adding column knegand k,eq to the excel files with the same values ggsand
Kipos
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k) Repeating item ‘f’ to j' for all engine speeds assary.

7" step: Fry — validation (1 hour)

Required software’s: Fry 1.1.0

Required files. Pareto fronts (7 to 9 excel files) and an dgl fi
Vehicle is necessary in this step and a properlysetrack!
Input : Pareto fronts (7 to 9 excel files)

Output: Optimized values.

The same for Tipln and TipOut, if both model were ceated. Otherwise, change
the values of kpneg and kineg according the resultsf this step before executing step ‘f’.

a) Go to ‘Show global settings’ and add the a2l fde your project.

b) Go to ‘Show settings of current mode’ and add alie®o excel files.

c) Select column types and support point.

d) Go to ‘Show calibration slides’ and put all slidars the minimum value of
positive area.

e) Go to the test track, connect to INCA and presy.PfRor each engine speed
execute TipIn’s and change the slider until you fihe best resultip: in the end
of the calibration, save the results found in a D@ in INCA.

f) Execute Test Drives necessary
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APPENDIX B - UML
HELP POINTS

Initial - - - input: wPSetPoint, vTime
output: hp1, hp2, hp3, hpt

Call HelpPoirts_Tipin
Set Inthewhux = inf
Sl Set IntDewfusx = inf

[wes]

Find = poirt in the owerru
=

Find = point inthe rise
time (aux2

Find = lime with au=1 and
point

Find = line with aux2 and

i= aux3dy

poirt [wes]

I

Find line with i and aux3

i= aux2T

Fird = wP SetPoint bModel

Find = lime with i paint an:
with twao lines

AHZ .

Find = wPSetPoint Model i=i+1

with the two lines

Calculate Integral Dewviation betweean
wPSetPoint Model and wPSetPoirt
[Irt D )

IntCrew < |Intlew aux?

alculate Integral Deviation be‘twe-;} ~ JirtDew_zux = IntDew < | o
wFSetPoint Model and vPSSe{F‘oiry \V’/ [wes] IrtDew Irt D
[Ird D )
pE \J/ P
@ Call HelpPoints_TipOut
= - 4 Set IntlewAus = inf
Find = point in the full los e s p°”[:L'|:3“;e kel
[aux1] &
Find = poirt in the fall tir
[au=2]
i = aux3?
Find = line with 2ux2 and
point [rez]
i= 7
etlL] Find line with i and 2ux3
Find = line -with =ux1 and
poirit
+1
Firnd = P SetPoint kModel
with two lines
Find = line with i point an
aux?
s Calculate Integral Deviation betweel hpd =
Find a wPSetPoint Madel B wPSetPaint Maodel and wPSetPoirt :3
wiith the tvea lines [IntDew]
Calculzte Integral Dewviation bethsoes ~fIrtDavans: =
wPZetPoint Model and «FSetPoint [ves] Irt D
eiE] IntDew < Inthew_aux? Intlrenr < IntDrewhins -
< o

Final
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OVERSHOOT CALCULATION

irput: wPSetPoint, wPFIt, wTime,
output: walue (dp2 or dp=)

dp2_dp3

Initial
( Call HelpFaint ).- input: wPSetPoint, vTime
output: hpd, hp2
HelpFoints ok™
[ne]
[yes]

Calculate 1=t Method | -

input: hp2, wPFIt, WP SetFoint
output: test, d1over or unden

Finall @ Walue = under

M

irput: hpz, test, WP FIL, vPSetPoint,
( Calculzte 2nd Me‘thc\d)“‘ half_second (how marmy samplesto 0,5)
output: d2 {underor ower)

[else]

Yalue = ower

output: under

irput: vPF I, WP SetPoint, test, half_second

Analyzes
—
[d1==underffd1==d2]

Analyzes1

[al=e]

Calculate Under

Calculate Ower

[if ower=Gbar]
M
[elseif under<30]
[d1==4d2 ||
d2==mver]
Analyzes3 /\
>Analyzes2 -’ﬂl\

[d1==4d2 ||
d2==ower]

[l=e]

output: owver

input: hp2, wPFIt, wPSetPoint, half_second

Decision:

(d1= over; d2 = overr: avershoot

(d1=under;, d2 = undery undershoot

(d1=under;, d2 = over): cvershoot

(d1= over; d2 = under): if{ower < Gbarfundedelseifunder
< AbarfoverelseMaN'}
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APPENDIX C— Matlab Codes

function  value = calcPositiveAreaOvershoot(jBenderOptions,
jCriterion, MdfDataPre, MdfDataSegmentationSlice, a

% Data preparation

vTimel = MdfDataPre.time;

vPFIt1l = MdfDataPre.RailP_pFlt.data;
vPSetPointl = MdfDataPre.Rail_pSetPoint.data;

vTime2 = MdfDataSegmentationSlice.time;
VvPFIt2 = MdfDataSegmentationSlice.RailP_pFlt.data;
vPSetPoint2 = MdfDataSegmentationSlice.Rail_pSetPoi

vTime = [vTimel; vTimeZ2];

VPFIt = [VvPFIt1; vPFIt2];

vPSetPoint = [vPSetPointl; vPSetPoint2];
plot_ =0;

% Finding help point 1
[vPSetPoint_min_index erro] = HelpPoints_1(vPSetPoi

if (erro==0)

% Plottings
if plot_==
figure
plot(vTime,vPSetPoint, b )
hold on
plot(vTime,vPFlt, ™)
end
% Calculating Positive Area

area_ =0;

vPDev = vPSetPoint(1:length(vPSetPoint)) - vPFI
for i=vPSetPoint_min_index:length(vPDevV)

if (vPDev(i)<0)
area_ = area_ + vPDeVv(i);

end
end

value = abs(area );
else

value = NaN;
end
end
function  [HelpPointl erro] = HelpPoints_1(vPSetPoint, vTime

%calculate just hp1l!
index_helppointl = 0;
vPSetPoint_max_index = 0;
%first aux point
vPSetPoint_min_index = 5;
vPSetPoint_min = max(vPSetPoint)-vPSetPoint(vPSetPo
for i=2:length(vTime)
% The second point will be the one that reach 40% o
if
(vPSetPoint(i)>(vPSetPoint_min*0.2+vPSetPoint(vPSet
vPSetPoint_max_index = i;
break
end
end

JEngineOptions,
xPlot)

nt.data;

nt, vTime);

t(1:length(vPSetPoint));

int._min_index);
f vPSetPoint_min

Point_min_index)))
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if vPSetPoint_max_index >0
dev = 10000000000000;
y1l = vPSetPoint(vPSetPoint_min_index);
x1 = vTime(vPSetPoint_min_index);
y2 = vPSetPoint(vPSetPoint_max_index);
x2 = vTime(vPSetPoint_max_index);

for i=(vPSetPoint_min_index+1):(vPSetPoint_max_index-2 )

al= (yl-vPSetPoint(i))/(x1-vTime(i));
a2= (y2-vPSetPoint(i))/(x2-vTime(i));

bl=yl-al*x1,

b2=y2-a2*x2;

vRegrl = al.*vTime(vPSetPoint_min_index:i) + b1,
vRegr2 = a2.*vTime((i+1:vPSetPoint_max_inde X)) + b2;

vPSetPoint_model = [vRegrl; vRegr2];
aux_dev = sum(abs(vPSetPoint_model-
vPSetPoint(vPSetPoint_min_index:vPSetPoint_max_inde X)));
if (aux_dev < dev)
%first help point
dev = aux_dev;
index_helppointl = i;

end
end

else

index_helppointl = 'NaN' ;
end
HelpPointl = index_helppoint1;
if strcmp(HelpPoint1, ‘NaN' )

erro = 1;
elseif  (HelpPoint1>0)

erro = 0;
else

erro = 1;
end
end
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APPENDIX E — PHOTOS
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OPTIMIZATION

1100 rpm

APPENDIXF-C4 N° 1

0045

NENIHND SodHROUNEW ey

005
_CUR(NaN, Mah, Mahl

04

Rail_MelnCtiPK|

=10

Menativelrres

Nahl)

pPos

1300 rpm

x 10

16 Fr==g===qr s

EaIyaANs0d

S Y

=
=]
=]

HEN ' NENI MM D SodHRoUnEpey

0035 [------

48

0.0454

00453 00454 00454
pPos_CUR(MaM, Mak, Mal, Mahl)

Rail_MelIncCtiPk)

x10

Megativestrea

1700 rpm

w

ANE0d

=
Q
o

(HEN NEN " NEN ' NEN MDD SOdMROUNEK ey

0045 0045 0045
CLUR{NaN, Nakl, Mahl, Mahl)

0045
pPos

=10

Menativelrres

Rail_MelnCtIPK)

143



2000 rpm
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3200 rpm
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