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LIST OF ABB REVIATIONS

Abbreviation

AC
BSG
DC
DoF
EMF
FEAD
FHEV
FOC
FMU
HEV
HECPG
HECPSG
HiL
ICE
MHEV
NEDC
PHEV
Pl
PWM
Sul
SoC

SoH

Meaning
Alternating Current
Belt StarterGenerator
Direct Current
Degree of Freedom
Electromagnetic Force
FrontEnd Accessory Drive
Full Hybrid Electric Vehicle
Field Oriented Control
FunctionatMockup Unit
Hybrid Electric Vehicle
Hybrid Excited Claw Pole Generator
Hybrid Excited Claw Pole Starter Generat
Hardwarein-the-Loop
Internal Combustion Engine
Mild Hybrid Electric Vehicle
New European Driving Cycle
Plugin Hybrid Electric Vehicle
Proportionalintegral
PulseWidth-Modulation
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State of Charge

State of Health
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8VOLMHG NOLPDWVNLK SURPMHQD XJURNRYDQLK VWDNO
udio ima CQ, UHJXODWRUQD WLMHOD SURL]YRYyDpLPD DXWRPRI
zahtjeve zasmanjenjememisizd202Z FLOMDQD SURVMHpPpQD HPLVLMD IOR\
postaje<=95¢gC&km aWR RGJRYDUD VPDQMHQMX RG XKRGQRVX (C
2YL IDKWMHYL PRWLYLUDOL VX SURL]JYRYDpH QD UD]JYRM QR
flote, a povoljna tehnologijad OHGLaAWD FLMHQH L M Le&tBROVWON QW VWAQL
arhitektura s asinkronim motorom kao aktuator@sinkroni motor koji ima funkciju startera
I generatora je remenom povezan na radilicu motora SUI (s unutarnjim izgaranjem), a u
OLWHUDWXUL VH PRaH QD U LBStRtartep®¢hbR)EIRRogséda jelstQ J
SURMHNWLUDWL VXVWDHODVSWLHpIXREH Q M PIHYQE WRMAM PR Y H] X |
radilice motora SUI, te ga ispitati na mikro razini (sustav FEAD, eng. FodtAccessory
Drive) i na sistemskoj razini (vozilo8 WX VYUKX LJUDYyHQ MH PDWHPDWLD
motora u programskom pake MATLAB/SIMULINK, unutar kojeg je implementiran
UHJXODFLMVNL VXVWDY SRGH&HQ SU H PHADRS wedeX Rad GY RV
GYRPDVHQL VXVWDY NDUDNWH U KakdbDsg deiBdNedii Bdaiv,SI1U L J X a C
VLPXODFLMVNRWAR BEXCOUOK AMHTnMny Drive L] U Dy READVhibde) gdje je
HODVWLpQL UHPHQ GLVNUHWL]LUDQ ¥ Hdinbde ra WwwMadehuV SHF L
simplifikacijuiz MATLAB-a.PeriI RUPDQVH XSUDYOMDpPNRJ VXVWDYD QD F
suprekoNRVLPXODFLMH LTWThiXg Drige-@ § MATLAB-a. Nadalje, u svrhu
SURYHGEH VLVWHPVNH VLPXODFAVLHCRUISA ™ X0 FSLRWVANNARN? HRI N
model hibridnog vozila PO konfiguracije implementiramedel BSGD L XSUDYOMDpPpNL V>
MATLA B-a kaoFMU (eng. Functional Mockip Unit) 8SUDYOMDPNL VXVWDY SRGHI
R P R J X poKretdhje i potpomognuti radotora SUI po potrebi, a prijenos okretnog momenta
s vratlaBSGD QD UDGLOLFX PRWRUD 68, RVWYDUHQ &t NUXWE
sistemskoj simulacijiXNOM&phQO@PLND HODVWLpPpQRJ SULMHQRVD SU
torziska NUXWRVW L SULJXEAHQMH ) (¥ Timiy brilzMaDte Ljé¢ nfinéa, 7 (
parametiranaspregal | P Hy X U R VHiRddilce&m@tora SUI unutaERUISE™ M modela.
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Summary

Due to climate change caused by greenhouse gases, withakihg ugthe biggest share,
regulatory bodies are imposing gradually stricter demands for reduction of emissions on car
manufacturersStarting from 202., the average emissions target for a manufadtuiigas is
set to 95 g Celkm, which corresponds to the reduction of 27% compared to the former target
of 130 g CQ/km. These demands have motivated car manufactures to develop novel
techndogies in order to electrify their fleets and a favorable technology from the standpoint of
cost and simplicity of integration is the ¥8electrical architecture utilizing an induction motor
actuator. The induction motor, which operates both as a stawdea generator, is coupled via
thetiming belt with the crankshaft of an internal combustion engine (ICE) and is referencedin
the literaturasBSG Belt StarterGenerator). The goal of this thesis was to design a vibration
damping system for the belt e couples the BSG pulley with th@&E crankshaft pulleyand
to test the aforementioned system on the micro level (FEAD systelf,dré. End Accessory
Drive), as well as on the system level (vehicle). To this end, a mathematical model of an
induction motor was made in MATLAB/SIMULINK simulation environment, within which the
control system based on the damping optimum criterion has been impleraedtédEAD
defined as two massesupledvia spring and a damper. brder to obtain a more acctga
system response, a FEAD modgilizing the elastic belt comprised of a largeumber of
specialized discrete elements compared to the two mass MATLAB simplification has been
designed in the AVL EXCITEM Timing Drive.The performance of the control $gm on this
model was tested by means of EXCITE and MATLAB cosimulationFurthermore, the
induction motor model and the corresponding control systems from MATLAB have been
compiled as an FMU (Functional Moalp Unit) and integrated into the existiR® hybrid
vehicle model in AVL CRUISEM M in order to perform a system level simulation. The control
VI\VWHP KDV EHHQ VHW XS W-B &h@ ibBsOrd of Bhe ICRHRIE8Ss VWD UV
torquebeingtransfered tothe ICE crankshaft by means of riggdupling. Finally, in order to
capture thadynamics of the elastic belt @RUISE ™ M system simudtion, the equivalent
torsionalstiffness and damping of the FEAD system from EXCIMEiming Drive have been
calculated and used to parametrize the coupling between the BSG rotor and ICE crankshaft in
CRUISE™ M modsd.
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BURALUHQ®L vDaHWD

Pra]YRyDpL DXWR P Riazv@)DndRiN tdhhaiogijsl kako bi elektrificirali svoje

IORWH XVOLMHG SRVWHSHQR VWURALK ]DKW MHX@& D VP DQ N
UMHAHQMH V JOHGLAWD FLMHQH L MHGQRVWDYQRVWL LPSC
arhitekturan maksimalnog napona od 48 V. Ovakvo vozilo naziva se MHEV (eng-hibeid
ElectricVehicle) i karakterizirano je PO konfiguracijom pogonskog sustagkojegie motor
68, SXWHP HODVWLpPpQRJ UHP HQ Dorg.CN Bvidg QipMdrbskogtbd@dN URQ L P
MH GLIDMQLUDWL VXVWDY UHJXODFLMH EU]JLQH YUWQMH ]D
koje se manifestiraju kao torzijskkutne)vibracije BSGa i koljenastog vratilanotora SUI.
Vladanje regulacijskog sustava ispitano je na mikro raeazi(i sustava FEAD) i makro razini

VLVWHPVNRM UD]JLQL NRULVWH UM VhirgOove FERUNMEHVR N U X & H C
tvrtke AVL +AST d.o.o0.Diplomski radpodijelienje 8 SRJODYOMD V.IDAHWDN NRML

1. UVOD =Prikazuje se koliki udio WOREDOQRP D &Ry H 8 MX S/OMMNRY LP D
transportni sektgrkonkreth o FHVWRYQL SURPHW QDYRGH VHI DNWXD
emisijafloe YR]LOD SRMHGLQRJ SURL]YRYDpPpD 2Sdpogu X VH I
VWRS VWD U Wotpdinhian@ RO/ SUI okretnimmomentom elekbmotorai

rekuperacigenergije.

2. 489 3 MILDHYBRID " +,]QRVH VH DUJXPHQWL LQWHUHVDQWOQL .
zaodabir razvojad8 V MHEV-a kao strategije za postizammpisanesSURVMHpPQH HPLYV
CQO, njihovih flota. Opisuje se PO konfiguracija pogonskog sustava hibridnog vozila koju
bLQL 9 HOHNWULPQD DUKLWHNWXUD L )($' VXVWDY

3. ASINKRONI (INDUKCIJSKI) MOTOR +2EMD&AQMDYD VH QDpHOR UDGD
L QMHJRYD VSHFLILPQD NDUDNWHULVWLNDtdRZWHQWD 8V
KkanGastim*SRORYLPD L NDYH]QL DVLQNURQL PRWRU VD VWD
PRIJXUQRVWL L]YRGD PdpigétiRaD Yé hdkdRKo BpRadjBinge.



4, 0$7(0%7,y., 02'(/ $6,1.5212* 6752-%2E M Bva €Moncept vektorskog
XSUDYOMDQMD GRYRGHUL JD X D ®Rdd&ofed savnagheiskimpdljehy P M H U
i momentom stroja upravlja odvojentzvodi se matemdtpNL PRGHO DVLQNURQR.
stacionarmmm WURID]J]QRP VXVWDYX WH VH SXWHP &ODUNH L 3DULI
ortogonalni @F MVXVWDY ,JOD&H VH SRMHGQRVWDY@ddiks® L PRGH
linearni model asinkronog stroja @F Msustavu pogodan za primjenu linearnih metoda
UHJXODFLMH SRSXW SRGHaADYDQMD SRORYD VXVWDYD SUHF

5 ',=%-1 835%$9/-%y.2* 6867%$9% 6 1$*/$6.20 1$ 35,*8a(1-(

VIBRACIJA z*Daje se shema kaskadnog regulacijskog sustava brzine vrtnje i struja.BSG

2EMDaQMDYD VH PHWRGD SRGHabDYDQMD SRORYD SUHPD R
pojednostavljenjegGLQDPLNH HODVWLPNRR FERVRVWOQORD VXVWDYD
vezomte seLJ]UDADYDMX HNYLYDOHQW Q D revhBrid Ptohd deBintelzaX W R V W
parametara Pl regulatora struje i Pl regulatora brzine vrtnje-BSGGRGHAaADYDQMHP SR
sustavazatvorenog regulacijskog krug UHPD RSWLPXPX GYRVWUX$&RJ RGQI
rezultati simulacije napravljeneu MATLAB, ]|D VOXpDM SRGHaAHQMD UHJXODF
X]LPD X RE]JLU HIHNWH HODVWLpPpQRVWL SUL VLQWH]L SDUDF
je sustavspregnutkrutom vezom 8VSRUHY XM X V Wa Rof sadvdl \OR/QUD W XGL QL
dvomasenFEAD modelV RQLP NRML VDGU aLdrbmasenhd@HQWL WRU]JLM\

6. MODEL FEAD -A U EXCITE ™ TIMING DRIVE -U +,]U Dy X M H nijirhoSdJFEAD |
VXVWDYD NRULVWHUL VSHFLMD O L ]EXCOD™ TNiinQ Drive) kbjiH O H P H Q
]JD UD]JOLNX RG GYRPDVHQH VLPSOLNX NCEPDHXNREJLIW HQH
IHQRPHQH SRSXW NOL]DQMD UHPHQD SR UHPHQLFDPD HC

MATLAB -om, te se komentiraju rezalti.

7. SISTEMSKA SIMULACIJ A U CRUISE ™ 0 6,08/$&,-6.20 2.584(1-8
2EMDaAQMDYD VH QDpHOR VLVWHPVNH VLPXODFLMH WH VF
.RPHQWLUDMX VH UHALPL YRaAQMH RGDEUDQL ]D LVSLWLYCLC
momentom BS& pri ubrzavanju vocOD ,]JODaH VH VKHPD NRQWUROQH
potpomaganje okretnimomentom (eng. boosting). Daje se osvrt na rezultate simulacije. U
VLVWHPVNX VLPXODFLMX VH XNOMXpXXMWHSEGIR X RN E XX Yo & |
motora SUI, definrdl X HNYLYDOHQWQRP WRU]JLMVNRP NUXWRVWL L



™ Timing Drive-a, odnosno MATLABa. Odzivi brzina vtnje BSGa i motora SUI se
XVSRUHYyXMX V R Q-b PEXQITEC"S TirthigDrive-a

=$./-8y$. *Daje se cjelokupniosvit neve L]ORAHQR X SUHWKR&EBLP SRJ(
L]JQRVL IDNOMXpDN 3UHGOD&X SRWHQFLMDOQL VPMHURYL
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1.INTRODUCTION

1.1. Transport emissions in Europe

$OPRVW D TXDUWHU RI1 (XUR S Hnribltibhe @)eaBskoiatedinitly HP LV
transportwhichis alsothe main cause of air pollution in cities. Emissions in this sector have
only started to decrease in 2007, however they still remain higheththae from1990. Air
pollutants from transportation harm our health and need to be drastically reduced in order to
ensure the wellbeing of European citizens. By 2050, the GHG (greenhouse gas) emissions from
transportation will need to be at least 60%éowharnthose observeih 1990 and firmly on the
path towards zero. Within this sector, road transportation is the highest emitter of GHG, totaling

atover70% of all emissionfl].

Fig.1 GHG Emissions per sector (le&hd emission percentage of components making up the transp
sector1].

'LWK WKH JOREDO VKLIW WR ORZ FDUERQ HFRQRP\ (XURSH!
in the transport sector is in the form of an irreversible shift to-éawssion mobility. This
strategy will benefit European citizeby improving theair quality, reduéng noise levels,
lowering congestion levels and impring safety[1]. In order tocome through with this
strategy, the European Commission has outlltheee priority areas of action:
1) Increasing the efficiency of theamsport system

2) Speeding up the deployment of le@snission alternative energy for transport
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3) Moving towards zereémission vehicles
Since his thesisconsiders the design arsimulationof the control system for aelectrical
system intended to reduce GHG ssions and fuel consumptitevel in passenger cars, the
next chaptewill put into perspective emissions originating fréime passenger caategory.

1.2. Passenger car emissions

Passenger cars are responsible for around d2%tal EU emissions afarbon dioxide,
the main greenhouse g&etween the years 2015 and 2019 the target manufacturerwiiieet
average emission was 130 g £¥dn, which corresponds to 5.6 I/km of petrol and 4.9 I/km
diesel respectively. This target was reached in 2013, aaosyahead of schedule. According to
data, the average level of emissions of new cars registered in 2018 in EU and Iceland were
120.4 g C@km, which yields 14.2% decrease in emissions since Zaéing from 2021, the
EU fleetwide emission target forew cars will be 95 g Cfkm (based on NEDCertification
driving cyclg. These emission targets are set for manufacturers according to the average mass
of their vehicles, which means that manufacturers of heavier cars are allowed higher emissions
than mantacturers of lighter car]. The insight imo CO, reduction in passenger cars since
2001 to 2017 by EU member state is giearfigure 2.

Fig. 2 Reduction of C@in passenger cars by EU member et2001+2017[3] .
In order to comply with aforementioned demandsemissions reductigrar manufacturers
have developed a number of novel technologies to facilitate the electrification of their respective

fleets.
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An overview of such technologiespresented byifferent hybridization levelsharacterized

by differentelectrification architectures ggven in the following chapter.

1.3. Road to electrification

Since vehicle electrification on global scale is not onty endeavor in technology
development, but also has an impact on economy and infrastructure of the world, intermediate
steps have been put in place in order to ease the transition of the world from ICE powered
vehicles to fully electric ones. This intermation consists adeveloping and introducing to the
market severadrchitectures of hybrid vehiclgthat is, vehiclesharacterized by at least two
sources of power for propulsion: the internal combustion engine and an electric Tingor.
powertrain of aHEV (Hybrid Electric Vehicle)is quite complex because it contaiall the
components of an ICE vehicle and a number of additional components depending on the level
of hybridization.Figure 3 gives a concise overview of existing hybridization levels with

corresponding electrification architectures, with respect to environmental impact they have.

Fig. 3 Hybridization levels with corresponding electrification architect s
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Hybridization of a conventional powertrain gives the following advantfgésinding that

theutilization of these advantages varies with the level of hybridization

X Because of the torque assistance provided, the ICE canimtr&vicinity of the most
fuel-efficientoperatingooint (in the optimal point of thepeed torque curve).

x The ICE can be downsizedhile at the same timetaining constant overall torque and
poweroutputof thevehiclepowertrain, owing to the eleatrmotor assistance.

X The kinetic energy of the vehicle during braking can be recovered and stored in the high
voltage battery, with the help of the electric machine operating as a generator.

X The torque response of the powertrain can be imprbeedusef the instant torque
delivery of the electric motor.

X The gear ratios of the transmission can be lowered, to keep the engine at lower speed
operating points (better fuel efficiency), because the electric motor can deliver instant

torque following the drivereequest.

These advantages are obtained through a numbenofionsa hybrid vehicle caperform
Insight intosome othesefunctions is given in the next chapter.

1.4. Hybrid vehicle functions

1.4.1. Engine idle stop/start

When the vehicle istationary the stop/start function switches of the ICE without the
command of the driver through the ignition key or ignition button. The effects of this function
are reduced fuel consumption and emissions of the veakl&/hen the signal coming from
the driver implies intention to drive (clutch pedal ssed or brake pedal released) the engine is
restarted automaticallidybrids with stop/start system are additionally equipped with an energy
management system which optimitles consumption of low voltag&2V) battey energy[5].
Energy management system ensurestti@battery supplies electrical consumers with energy
even if the engine is runninghe benefit of this functionality is reduced fu®nsumption
because the load torque of the alternator in this case is nearly zero. Vehicles tstapatart

and energy management functions are called micro hybrids.
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Figure 4 shows the micrdhybridized 1.6 dCi Renault engine

Fig.4 Renault 1.6 dCi engine equipped with a 12V electrical madbine

1.4.2. Electric torque assistance

The function of a hybrid vehicle with the greatest impact on drivability is the torque
assistance to the IC&ngine provided by the electrical machine. There are two types of torque
assistanceaorque filling and torque boosting.

Torque filling is aimed at reducing the delay present when the driver presses the
accelerator pedal requesting more torque from tleepiain in order to accelerate the vehicle.
An ICE engine has a pronounced delay in delivering torque which may be caused by the inertia
of mechanical moving parts, inertia of the air in the intake manifold and the torque limitation
(to prevent smoke irhe exhaust]5]. In order to compensate for the torque response delay in
such situations, the electrical machine provides additional torque and shifts the engine operating
point into the area of higher torque, enabling the Vehabe accelerated at the drivers request.

Torque boosting is an operation mode of an electrical maasewvhen the ICE engine
has reached its maximum torque outgetined by the engine speed. By addingttirgque of
the electrical motquponto the engine torque, the maximum overall torque of the powertrain
Is increase(5]. Availability of torque boosting is dependent on #tateof-charge (SoCf
the battery andsionly available in short periods in order to prevsitery depletion.

Electric torque assistance can be provided by mild hybrid electric vehicles (MHEV), full
hybrid electric vehicles (FHEV) and plug hybrid electric vehicles (PHEV)Figure 5
visualizes the shifting of ICE engine operating point dutorgue filling and offsetting during

torque boosting.
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Fig. 5 Shifting and offsetting of the operating point of an ICE

1.4.3. Energy recuperation

Energy recuperationin a hybrid vehicle is directly tied to the braking processldnto
decelerate the vehicle, braking torque is required. Braking torque can be achieved in several
ways:

1) Through the hydraulic brakes

2) Through the powertrain

3) Through the hydraulic brakes plus the powertrain

Powertrain braking in a vehicle with a contienal powertrain, i.e. one thatis only run by an

ICE engine, occurs when the driver releases the accelerator pedal and thus interrupts the fuel
injection. The engine overruns (engine braking) and the amount of engine brake is equal to the
total power losses of the engine (friction torque + pumping losses + auxiliary devices).
Therefore, no energy is recuperated.

However, in ahybrid vehicle energy can always be recuperated during braking
irrespective of the level of hybridization. The reason for thithés inherent nature ahe
electrical machine: it can operate both as a motor and a genénatiog braking, the electrical
machine is in generator modkhe kinetic energy of the vehicle spins the rotor of the generator,

overcoming its negative torqumd geneateselectrical energywhich is then stored in the
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battery The amount of electrical energy generated (harvested) during braking depends on the
power of the electrical machif®]. Figure 6 shows the power flow in a mdvehicle when

in energy recuperation mode.

Fig. 6 Hybrid vehicle power flow in recuperation mode

There are mortunctionsa hybridvehicle carperform, for instance, fully electrical driving and
charging the battery from theid, but theseperathng PRGHV ZR Q fad'tothereléthtse

they are characteristic to FHEV or PHEV. Mild hybrid electric vehicle (MHEV), which is
considered in the scope of this thesis, performs stop/starting, electrical torque assistance and
energyrecuperation described in this chapter by utilizing on a 48V electrical architechick,

is described in the following chapter.
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2.48V POMILD HYBRID

2.1. Reasondgo opt for a 48V system

With the new95 g CQ/km fleet emissions target comirigto force in 202, many
manufacturers are turning to the 48V mild hybrid technology to help them meet the new
regulations[4]. There are several advantages M8VIHEV has over other electrification
architectures:

X The ystem isrelatively simple and costffective to engineer or even retrofit to existing

platforms, especially if BSG is fitted into PO configuration
X Good costs versus benefit ratio, with between 12% to 20% emissions saving

x The technology can be integrated usind@HEV configurations from PO to P4

Furthermore, using a 48 system maximizes the system voltage without the significant cost
burden associated with increased safety regulations (ERELOO) associated with using a
voltagesystem in excess @0V DC [6]. A 48V system also enablesmachines with power
range of up to 20 kW6] or even up to 30 kWo be used7], which offer significant enexyg
recuperation potentiahaving in mindthat the maximumamount of energyhat can be

recuperated is directly proportional to the power of teeteical machine.

2.2. 48V electrical architecture

Another benefit of 48V hybrid systems that itcorsists of onlyafew core components.
These are: an electric motor of induction (asynchronous) type, an inverter, an energy storage
system with high dynamic capability and a DC/DC convei@gr As mentioned before, the
main fundion of an asynchronous motor is to harvest energy during deceleration phases
(recuperation) and to support the I@Eh additional torque, as well as to run the ICE crankshaft
up to speed at which combustion starts during stop/start mode of operatmmaBimduction
motorused for BSG purposgeed 3-phasealternating currenn order tooperate, an inverter
is integrated into the electric motor. The invedenvertghe 48V DC current supplied by the

battery into 3phase AC current for the motby means of pulsevidth-modulation (PWM)In
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order to supply the electrical consumers with energy from theé 4gstem, the 12/ single
direction(buck)DC-DC converter is used to safely transfer energy from the &8the 12V

level. When the 48V systemis implemented inPO configuration of MHEV, additional
componerg are needed to make the system operational, namely, the timingabelthe
tensionerThe belt has to be designed to meet very high torque requirememusiatite kept
evenly tensioned by the tensioner, irrespectively of the operation mode or running direction.
Figure7 shows the electrical scheme of the 48V system with an induction owitoected via

belt to the crankshaft pulley (PO configuration).

Fig. 7 48V electrical architecturen PO configuratior7] .

The SIMULINK model of the 48V system in this work will be simplified, insofar that it
captures the dynamics necessary to desingncontroller for the mitigation of timing belt
vibrations.That is, the battergoCdynamics will not be modelleds well as its aging effects
(i.e. batery stateof-health, SoH). ldwever the 48V maximum voltage limit will be imposed
on the system by limiting theurrentcontroller output to that value, which is theltage
command inputor the inverterThe inverter dynamics will also be simplifiagtthe simulation
taking form of afirst-order lag model oPT; term defined by the inverter time constaie
stress will be orpbtainingthe induction motomathematical model, design of the control
system for mitigation of belt vibrationsndon themodelling of theFEAD systemwhich will
firstly be modeled as a tweemassapproximatiorand later on replaced by the EXCITE
Timing Drivemodel.Lastly, before proceeding to the modelling of the induction machee, t

next chaptegives a brief descripdh ofthe FEAD system
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2.3. FEAD

Front end accessory drive is a system of timing belt connected pil&yransfes power
from the crankshaft of the ICEr rotor of the BSGo auxiliary consumers (air conditioning,
water pump)As mentioned in the last chapter, the belt has to meet very high torque demands
and has tdoe kept tensioned at all times by the tensiof¥pending on whether the starter
generator is operated for generating powesisoa motor, feeding torque into thaeltdrive, the
tight and slack spans alternaitied the tensioner function is needed in different sections of the
belt[9]. The simplest way to satisfy this requirement is to implement two separate tensioning
elements, one postined before and the other after the pulley of the BSG. An alternative can be
the combination of both tensioning pulleys into a twin tensioner, in which a spring connects
both arms of the tensioner. The optimal design is in the form of a decoupling tensioich
changes its working position following the change of torque direction, which means the
tensioner arms are in different positions Wiex theBSG is motoringor generating. This
enables there-tensioning force to be optimal for the respective apag poin{9]. The change
of decoupling tensioner position according to BSG operatiode, as well as tensioner types

discussed, arghown orfigure 8

Fig. 8 Decoupling tensioner positions according to BSG operation mode and tensiong®ypes
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Within the scope of this thesis the tensioner will be modelled in ER@TTiming Drive
as a passive elementhich means thamount of tension in the belt will be set through initial
conditions, and no tensioning action will be performed during the cosimul@heneason for
this is to obtain a fairly simple and stable cosimulation model in order to minitinéze
possibility of errors arising from two different solvers working together. This model can later
on be extended to include an active tensioner.

As to thedynamics of the FEADBsystem, itwas simplified in order to analytically tune
the BSG speed contiel according to the damping optimum criterjarhich is focused on
mitigating the vibrations of the belThis simplificationobserves the accessory drive only as
two masses, i.e. the BSG rotor and ICE crankshatft, coupled via sfamger elemenSpeed
controller tuned in such manner is firstly going to be tested in MATISABIULINK on a two
+ mass accessory drive simplification, for which it was tuned, and bHyemeans of
cosimulationusingthe EXCITE ™ Timing Drive mode] which contairs a more accurat
description of théeltdrive utilizing on specialized finite elements

As mentioned before, the BSG is almost always of the induction type. The next chapter
gives a detailed description of an induction motor and its mathematical model
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3.ASYNCHRONOUS (INDUCTION)
MOTOR

3.1. Principle of operation

Asynchronous motaroperate on AC current with the speed of their rotor being load
dependent and different from the synchronous speed, where synchronous speetectrical
angular velocity corresponding to the fundamental frequericth® statorvariables[10].
Asynchronous machinese mostly designed dasreephasdow or mid power machines and
predominantly used as motors, as opposed to synchronous maevhies are mostly high
power and used as generatidrs]. Figure9 shows an induction BSG used in aV&lectrical
architecture.

Fig.948V induction BSG7] .

To make an asynchronous motor rotatectrical power needs to be supplied only to the
stator, as opposed to the DC motor whose rotor and stator windings both neegubteebe
supplied. When voltage is supplied to the stator of an asynchronous motor, the stator magnetic
flux isgenerated due the flow of current in the stator winding, which is essentially a coil. The
magnetic flux from the statarosseshe shoricircuited winding of the rotginducing an EMF
GXH WR )DUDGD\YV ODZ R HvhighFmMwiR&sDts @t ahtfiBwiwQrehX FW L R Q
rotor windings With the current flowing through the rotor winding, another magnetic flux is

generateghat of the rotarConsequently, two magnetic fluxes exist, one of the stator windings
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and one of the rotor windings, with the rotonfllagging in respect to the stator flukhis is

why these machines wenameal asynchronous. Becausettie interaction between these two
magnetic fluxesthe rotor willexperience torque which wilcompelit to rotate in the direction

of the V W D t&iblgTnvagnetic fieldThis is the working principle of both single and three
phase asynchronous motors, which are often referred to as induction motors due to their

operating principle being one of electromagnetic induction.

3.2. Speed ttorque curve of aninduction motor
Induction motorspeedztorque curvewhich is an important aspect in system design

depicted on figure 10

Fig. 10Induction motor speedoque curve

It can be observed from figure 10 that there are thpsgation modes an induction
machine can appropriate: motoring, braking and generating (regenerative braking). The
parameters defining each operation mode are tofquetor speedland slippageOSlippage
Isthe measure of the difference between refied and the speed of the rotating magnetic field
of the stator, which is expressed in percenfad@g In accordance with this, expressi@il)

defines the slippage for an arbitrary induction machine:
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oL 272 (3.)
ap

Since the BSG will be in motoring operation moahkile performing stop/start and torque
boosting functions, only the red shaded region of the sp¢edjue curve is of interest in the
scope of this thesis.

Motoring regiorencompasses thegion of speedttorque curve from zero speeat= 0),
in which the induction machine after being connected to an external power source develops
starting torque/ 5 which starts rotating the rotor. This marks the start of motostypduring
which the maximum torque is reached somewhere in betweet909 synchronous speed
J.[11]. This maximum torque value is called breakaway torqug, After reaching
breakaway torque the motor enters the stablenegf operation, meaning that the running
VSHHG GRHVQTW FKDQJH PXFK ZLWK ORDG YDULDWLRQ

From the standpoint of torque boosting it is essential to keep the machine operating point
in the high torque region so $idient torque can be deliverebthis is easured byan automatic
transmission which shifts gears when the induction machine entdosstharque thigh speed
region. It is important to note that gear shifting procedure is a compromise between the ICE and
the induction machine in the respect afpee output, which will be shown in the later chapters.

As indicatedby the literaturg11], an hduction motor can be of two typestherespect
of rotor winding design:

1) Squirrel zcage type

2) Slip #ring type
In accordance witBSG application, the squirreicage induction motdd 2] anda special slip

+ring induction motor with claw pold43] are considered in the next chapter

3.3. Induction motor typesfor BSG application

3.3.1. Slip #ring claw #pole induction motor

The slip #ring claw +pole induction motor is a modification of a conventional alternator
S0 it supports both motoring and generating modes of operation. The popul#nis/tgpe of
induction machiné mainly due to its high pole pair number whiesults inincreased torque
density and its robust structure allowing for high speed operdt8ynThe machine is equipped
with the rotor windingupplied by the slip ringSlip rings are used to close the electrical circuit

of the rotor winding using external resistors with variable resistance. During start up, the
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resistances are set to the highest values and when the rated speed is reacdsd{dieare
switched off and the winding is shesircuited.

The slipring clawpoleinduction motor is hybrid excited, meaning that both the stator
and rotor windings are supplied with voltage it is referred to as HECPGlybrid Excited
Claw - Pole Generator)[14], only in this case it would be refed to as HECPSGHbrid
Excited Claw +Pole Starter +Generator) Figure11 shows the constitutive elements of a
HECPSG.

Fig. 11HECPG[14]

Due to the uncertainty of the effect of hybrid excitation on the mathematical model of the
induction machingwith the mathematical model beiag integral part needed to design the
control systenfor mitigation of timing belt vibratios,along with the unavailability of the
appropriate scientific literaturéye author of this thesis has made the decismopt for an
induction machine of squirretcage type. Developed control methods founded on the familiar
mathematical model of the squirreilcage motarfeatured in a number of papers and other
works, such afl0], [15], [16], [17], [18], [19] and[20] along with some research already done

in the directiorof the design of a squirreicage BS{12] have facilitated this decision.

3.3.2. Squirrel *cage induction motor

The rotor winding of the squirredage induction motor is designed as a cage, as opposed
to the copper wire design found in the slipg version of the machine. Squirrehge induction
PRWRU GRHVQYW XVH ndtorklSctlical@idcdit Whieh EoDseguehtiWrkakes the
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rotor winding shorcircuited at all times. The absence of slip rings implies the absence of slip
ring contacts with the rotor shaft, which means there is no mechanical Wsawonly
mechanicaparts of the squirretage machinenduring wear are the bearings of the rotor shaft
Owning to such design, the squiHege machine is the simplest, the cheapest, the lightest, the

most reliable, and therefore the most widely used electrical mgdHihe

Fig. 12 Squirrelcage induction motor

In this chapter the operating principle of the induction machine has been explained and insight
into its design variants given, followed with the discussion concerning the utilization of the
squirretcage machine for BSG application. In the upcoming chapter, the mathematical model
of a squirrelcage induction machine is derived after which the control sydtemmitigation of

FEAD belt vibrations will be designed.
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4. MATHEMATICAL MODEL OF BSG
AS A SQUIRREL-CAGE MACHINE

4.1. Vector control

Vector control or fieldfield oriented control (FOC) is a control concept which enables
the magnetic flux and torque of the induction machine to be controlled independently. Vector
control was developed due tiwe inability of scalar control, which is based on the static model
of the induction machine, to ensure that the magnetic flux of the machine, and also the torque,
remain constar|20]. The following derivation of therector control algorithm along with the
mathematical model of the induction machisevell known andccan be found in the literature
referenced byl15], [16],[17],[18], [19], [20], [21].

The name vector control stems from the fact that any physical quantity rotating in a
symmetrical thregphase system carelrepresented by an equivalent space vector carrying
information about the amplitude, phase shift and angular frequency of that physical quantity.
The threephase system is considered to be symmetric if the total sum of its phase qua@mtities

this cases >and ?in a given time instant is equal to 0.

B:RERBPRERBIRLT, (4.1)
where Bis asymbol for an arbitrarghaseguantity such as current, voltageagnetidlux etc.
Therefore, thg@haseshifted physical quantities in a thrpbase system are represented by the

following expressions:

BLEB .. R (42)
BLEG .. @PF=A (4.3)
BLEG .. @PF=A (4.4)

where B is the amplitude of thphysical quatity. Every threephaserariableis fully defined
by its amplitude, frequency and phase shift. Every setrek phasevariablesB, Byand Bycan
be representebly the resulting space vectd@3The resulting space vect@® obtained by

means of vector addition of the phasgiables in a given time instant:
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Bi-f:%Eza;Eé%;L%EA‘%%EA‘&/% (4.5)
where =is an operator which transforms thepBase vaablesB, Byand Byfrom the time
domain into a space vector

=L ATLFIE (4)

5

=L AT L FoF (4.7)

0T§,| mTI\“|

To help illustrate this transformation, figure $Bows the time instant corresponding to the

angle of i PL vwi -, that is PL—- at which the phase values of the currents have been

taken Figure14 shows the resulting space vectoontaining infornation about the amplitude,

frequency and phase shift of the phase currents from figuiéh&3angular frequency i L s

rad/s
Fig. 13Threephase currents
B@ AL ¥i+.. '@AL % (4.8)
— . 8 . —
%@AL 3 +... @F—7AL Frdx»i 4 (4.9)
— . 8 i —
%@-AL i +... @F—7AL Frdxxi 4 (4.10)
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Fig. 14 Resulting space vector of phase currents (8),(9),(10)

Now, returning to tharbitrarynotation( Binstead of ;, it is important to say that the resulting
space vectoB8an be expressed in a témensional orthogonal complex plane since its form

given by(4.5) can beseparatethto the real and imaginary part:

B - BRE=BE="B; LB EF. (4.12)
This effectively reduces the thrgdase system to a twmhase system without any loss of
information. By equating the terms from the left and right side of the expredsigrthe

relation between the-Bhase and-phase variables is obtained:
BL-BF BERC (412

5 . .
B L= BF B (413

4.1.1. Clarke transformation

The procedure of transforming variables from ghase system to their-fthase
representatns is calle€larke transformatiarThe importance of Clarke transformation is that
it reduces the order of the mathematical model of an induction machine and enables the
realization of the vector control algorithi20] . Figure 15 showsarbitrary3-phase variables
transformed frontheir natural coordinate system into-glRase orthogonal complex plabg
means of Clark&ransformationwith the amplitudeangular frequency and phase shift identical
to phase currents frofigures 13 and 14t can be clearly observed on figure 15 that the
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resulting space vectdB® at the same time the vector sum of ifstise space variables

well as of its 2phase space variables.

Fig. 15Resulting space vectd8s a vector sum of its hase and sphase space variables

Expressiong4.12)and(4.13) can be written in matrix form

6 6 B
whichimplies that the inverse Clarke transformation can be obtained
% 1 S [ i B
T~5 Y
fBj LoFy 5 cH | (4.15)
[ 5 o i B
B iFy F50

The 2phase orthogondl F Ucoordinate system is stationary and contains the resulting space
vecta BSwhich rotates as its vector components obtain differeagnitudesind orientation
following the sin wave from figure 13his consequently means that the phase variablasd

B are still harmonic quantities, exactly likg Bjand BanG WKHUHIRUH FDQYW EH F

linear control methods.
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4.1.2. Park transformation
Park transformation solves the problem ®fphase U Uvariables being harmonic
components, which makes thedhfficult to handle, and thereforenfavorable for control
purposes. The Park transformation utilizes the fact that the rotating spacesuett@sB&n
be observed in a rotating coordinate system of an arbitrary angular vehdey.
Furthermore, if the angular velocifyof the rotating coordiate systemreferred to as

@F Msystem is equal to the angularelocity fiyof the rotating space vectd@Sthen by

decomposing the rotating space vecBbh the @F Moordinate systenone obtains the DC
components ofhe space vectoBS8The termDC is used here in a more unconstrained manner
and it essentially means that the space vector comparetitse-independent when observed
in the rotating coordinate syste@F Mvith anangular velocityfi L fi

All input and output variables for the speadd current controllers of the induction
machine will be refeedin the @F Msystenbecause they are time independentin respect to it
that is, they cease to be nonlinear harmonic variables thusvecomefavorable for control
operationsThis is the core principle of vector control.

Figure 16 show the rotating space vecBifecompsedon its harmonic components in
thestationaryU F U2-phaseorthogonal system and on its DC components in the rota@fg

Mcoordinate system, which rotates at an angular velocity af fi

Fig. 16 Space vectoB&nd its canponents in stationary and rotatingdhase coordinate systems
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The Park transformation which translates thphase space vector components from the
stationaryU @ystem to theotating @F Msystem is expressed by:

B Y | ey B

HILH IHB I (4.16)

Feca A

Where B is the real component of the space vec®the imaginary component angthe
angle between the d axis of tl@F Msystem and theéJaxis of the UF Usystem The inverse
Park traisformation can also be obtained:

B ‘a Feca B

HILH IH I (4.17)
B

R LA

It is important to note that if the angular velociiyf the @F Msystem is not equal to the
angular velocityfiof the space vectoBSts real componenB and its imaginary component
B are harmonic signale/hose angular frequency is a function of the difference betwiesrd

fiy and thus are not viablerfgontrol applicationsThis implies that the necessary condition

for the vector control algorithm to work is the correct information about the valég, of

4.1.3. Putting the significance ofvector control into contextby usingan analogy with
the DC machine
TheDC machinanagnetic flux0 ggenerated by the excitation currdgis perpendicular
in respect to the magnetic flud agenerated by the armature currdgf20], as indicated by

figure 17.

Fig. 17 Armature and excitation circuit of a DC machine

The torque of the DC machine is expressed as

I »vl G BOgL G B (4.18)
Perpendicularipaseguantities in the aatext of an electrical machine are considered decoupled,
which for the DC machine means that the excitation curigggaftects only the excitation flux

0 gand the armature curremgeffectsonly the armature flux0 g This phenomeon enables
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the excitation and armature fluxes to be controlathout respect to each othewhich
essentidly means that the torque of the DC machine can be controlled independently of the
magnetic field needed &xcite the machin&he described system in which the excitation flux
and torque of the electrical machine are controlled independently can be fully obtained with an
induction machine by using the vector control algorithm.

This fact combined with the pperties of the squirretage induction machine being the
simplest, the cheapest, the lightest, and the most reliable has led to the DC machine being almost
completely abandoned by the industry in the low to-pogver segment.he torque expression

for andinduction machine reads as follows

lael G RR:L @ R« (4.19)
where E is the stator field currentif tfield), 25the magnetic flux of the rotor ang, gtator
torque current g- torque). It can be observed from expressi@nh$8) and(4.19)that there is

an equivalencbetween the currents which is denoted byt#ise 1

Tablel Equivalence between DC and induction machine currents

Field component Torque component
DC machine & B
Induction machine B x B4

The equivalence of currents in table 1 implies the equivalence of machine torque expressions
that those currentgomprise from the standpoint of contréxpressiong4.18) and (4.19)
represenltinear physical systems on which linear control methods based on PI control may be
used.

The designed control system will havave to includéhree Pl controllers, one for BSG
speed, one for the stator filed currdgtand one for stator torque cant & sThe reason why
the rotorflux 25 controller has been omitted will be explained laterlorarder to tune the Pl

controllers analyticallythemathematical model of the induction machine needs to be derived

The mathematical model of amduction machine is not appropriate for analytical tuning
when represented in its naturapBase coordinate systeithis is due to the model being non
linear and of high ordelJsing the tools described in chapter 4.1. this model will be transformed
into its linear form which facilitates analytical tuning necessary to obtain a system which
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mitigates BSGvibrations and therefore timing belt vibrationk the following chapter the

mathematical model of BSG as a squitabe machine is derived.

4.2. Mathematical model of BSG in its natural coordinate system
The mathematical model of an induction machine is comprised of algebraic and
differential equations describing electromagnetic and mechanical phenomena in the machine.
For the purposes of using tliector control methothe following assumptions are mgdé]:
X the phase windings are symmetrical
saturation and iron core losses are neglectable

the magnetic flux in the air gap is of the sinusoidal waveform

xX X X

machine temerature is constant

In accordance with given assumptions, the induction machine stator and rotor voltage
equations are first given in the thregophase= F > F ?2coordinate system, which is the natural
coordinate system of the machikégure 18 shows thiiaree axes of the stator phase variables
making up the threphase stator coordinate system, as well as the three axes of the rotor phase
variables defining the-phase rotor coordinate systefrhe coordinate systems of stator and
rotor variables are phas¢ KLIWHG E\ DQ HOHFWULFDO DQJOH O

Fig. 18Induction machine in-phase coordinate system
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Since rotor and stator phase windings are symmetrical the following is true:

BaE BaE Ba T, (4.20)

%éE %éE %éL r. (4.21)

Additionally, the stator and rotor phase resistances, as well as induciaeeegial:

4od 4ol 4o 42 (4.22)
Ae 5L 4dgal 4eal 4 (4.23)
0d o od cae (4.24)

.0aL .6al .oal .aa (425
In accordance with this, the differential equations describing the electrical circuit of each stator
and rotor phase read as follows:
Qe B e 06
fQad L 4B 4 Eggfa@d;, (4.26)
Qe B e 00
Qa Ba 004
fQa L 45 B Eggfaog. (4.27)
Qa Ba 00 a
The magnetic flux in each phase is generated by interaction between all the stator and rotor

currents. Stator fluxes forfd.26) read as follows:
Boad oo | o | ok | 4@ KO BAE ? K@E AR E 2 K@F= Al A (428
Boud auddo | o | Bo | o 4B KOBE ? KBEZ AR £ ? K@FZ A A (429

Sod sk | ok | L 2@ 6BE ... BESARE .. @F AR A (4.30)
where . 5 4s the stator inductance of each phase comprised of the magnetizing stator inductance

. azand leakage stator inductance,

szl camE . = (4.31)
The mutual inductance of two stator phagegs expressed as:
5
/el 22?K@AL F- 0, (4.32)

and/ 4 s the maxumum mutuahductance of stator and rotor phases achieved wieen

corresponding stator and rotor phases are colingarr N 9@
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Basically, equation&t.28)-( 4.30) state that the magnetic flux of each stator phase (applies

also to the rotor phases) is generated due to three different interactions, a®s(:28):

V6 - Gatde E é@%d@@% E

1oRUaxeOcO0a0Mece@mxeOcOGD @ @0 A0 = D e

Lol KO RE K@ s AR 2 BB

EeceOWmxeO0c0DecOc@idacadldxedee

Equationg4.28)-(4.30) can be written in matrix form takin@.31) into account:

5 5
0.0 i ae F_6-éae F_G-?aaeE\Fé)ae Ba
o5 5 NI . .
fa>d L IF—G Ca: Ciae F_6 aael\:f%d; E/ =50 f%é], (433
=5 5 N
6?0 |F—6.age F—6.aae - da O%ae %é

where 6:6;is:

i ?KO  ?K@E-A ?K@F-An
i i
6:6 L ?K@FSA ?KO, ?K@EZAY (4.34)

: -
?K@EZA ?K@F>A ?KG

Due to the symmetry of the windings, expressi@®8) - (4.30) can be simplified by

applying the following equations stemming fr¢420) and(4.21):

Bd Fhad ba

(4.35)
Bil FaF by
el Fd ba

(4.36)
il FsF By
bd FEf ba

(4.37)
bl FaF Ba

After applying(4.35) to(4.28), (4.36) to (4.29) and(4.37) to (4.30) the following simplification

is obtained, expressed in the matrix form:

6(f)ae B B
fopd L .ofBdE/ »5:6 B4, (4.38)

where . Js defined by:
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5 7
‘wl aaft amls axE. (439

The described procedure is repeated on the flux equations of the rotor windings
Bosl - adBaE/ sB4E/ aBE/ @ KO BL? K@ES AR E ?K@F= AR 4 (4.40)

Boal -asBsE/ 4B/ aBAE/ » @ KO BE ? K@ES AR £ ? K@F= A A (44

Boal -aalE | aBaE/ aBiE / 4@ KOBLE?K@EL ARLE ?K@FLABA (442
where . 5 sis the rotor inductance of each phase comprised of the magnetizing rotor inductance

. 35 and leakage rotor inductancey:

.aal .22 E. g, (4.43)
The matrix form of equatior(g¢.40)-( 4.42) is then obtained:
5 5
80a 1 -aa Fy.aa Fy.aanba Ba
854 LiF~.as  .as  Fo.aaciB4E/ 26 :6 184 (444)
-5 5 NI
Ooa jF.aa Fy.aa ae OPa B a

Expression$4.40)-(4.42) can be simplified by applyin@t.35)-(4.37) in the same manner as

for the statorwhich yields the following matrix form:

06 & Ba B
fO0a L .afBd E/ 6 :6 B4 (4.45)
0v 3 B B«

where . gis defined by:

5 7
-éL-ééE—G-aé L_G'é‘é E. 3. (4.46)

This concludes theéerivation of the mathematical model of the BSG in its natupiase
system which is comprised of 12 differential equations of the first order describing
electromagnetic phenomenain the machine. When the equation desribing the rotor dynamicsis
added the total order of the systenecomed3. To conclude this chapter, the aformentioned

model without rotor dynamis is given in the following page.
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BSG model in 3phase coordinate system:

QD B 06 @
fQa L 4,764 Ef@faoa;,
Qe B 06
Qs Ba 06 &
fQ4g L 4afled E 304,
Q2 Ba do &

06 = B B

fopd L .ofBLE/ 256 B4,
06 B Ba

96 & Ba B e
fdss L .afB4 E/ o6 :6 fB4,
9o & Ba B

- -

6:6; L ??K@F%A 2 K:@;
i

PIOBEZA ?K@F-A  ?KO,

5 7
'(—,EL .aaaE—e.aeeL—G.aaaE. Py

2K:0; ?K@E%A ?K@F6—7
?K@E6—7

An
N
A
|

O; pa)

(4.47)

(4.48)

(4.49)

(4.50)

(451)

(4.52)

(4.53)

In the following chaptethe BSG model described by equati¢hd7) - (4.53) is transformed
using Clarke and Park transformations presented in chapter 4.1. into a form suitable for the

analytical tuning of the speed and @&nt control systemisased on vector control
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4.3. Mathematical model of BSG suitable for vector control

4.3.1. Transformation of BSG phase variables into space vectors

To stat things off, the rotating space vector conc&3®hat is, the Clarke transformation
is applied to all phase variables of the BSG modldlr) - (4.53). Thisresults in all of the phase
variable being expressed as space vett@$5):

QL@ E QAT EQAT A (454
5L @EBAT EBATA (459
8L @0 £ 8647 E S0 AT A (456)
QLS @iE QAT EQATA (457
5L @ EBAT EBAT A (458)
& L @0 sE S0AT E 35 AT A (459)
and using these space vectors, the mathematical model of BSG in space vector notation is
obtained:
QL 4oSE /ZDa (4.60)
Q L 45 8E x:/jé (4.61)
$L . .BE., N4 (4.62)
& L.s8E., VA (4.63)

where . 5 is the statortrotor inductive coupling defined by

. L_;/aeé (4.64)
Although being space vectors, expressi@h80) and (4.62) are referred to the stationary 2
phaseU Wdrthogonal coordinate system of the stator, w#161) and(4.63) are referred to that
of the rotor. This means thé4.60) and (4.62) are decoupled fron¥.61) and (4.63), while
simultaneously describing electromagnetic occurrences in the same machaueiple them
In a single mathematical model they need to be toamsed into a shared coordinate system

The followingis done by means d?arktransformation.
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4.3.2. Transformation of BSG variables expressed as space vectors into a shared
coordinate system

To recapitulate, the objective of transforming the two models desidoyné.60) - (4.63)
in a shared, rotatin@F Moordinate system is to obtain a model of an induction machine
suitable for vector control. As mentioned in chapter 4.1.2., if the angular veldoityhe
rotating @F Msystem is equal to the angular ety fijof an arbitrary space vect@®hen
the @F Mcomponents athatspace vectaare DGvalued i.e. time invariantinder steadytate
conditions and thus suitablatilization oflinear control methods such as PI contvhen i L
fiyit is said that the@F Msystem is synchronized with the space ve®8r

Vector control method states that the rotat@§ Msystem should be synchronized with
the space vector tierotor magnetic flux@, that is of the rotor magnetic filed. ltwdecomes
clear why this methodsialso known as fikl-oriented control (FOC)The synchronization of
the @F Msystem with the rotor flux vecto#implies that the abscissa of the rotating system

(thed axis, fied axis) is set coaxially in respectitg as can be observed on Figure 19.

Fig. 19 Rotating dq system synchronized with the rotor flux space v&tor

é angle between the stator coordinate system anddgtsystem

é F 6 angle between the rotor coordinatestem and theég system

o] angle betweent the stator and rotor coordinate systems

n angular velocity of the rotor

fiaa angular velocity of the rotor flux vecta®/ rotating @F Msystem

Ea  Magnetizing current that generates the ratagnetic feld

Since otor flux vector &is set on the real axis of th@F Moordinate systa it can be
defined
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as follows:

@a L 85« E FF, (4.65)

which means thanhagnetizing currergpace vectorg; is defined as

%y Yi Yi

S L—L—ER L—. (4.66)
&Lyt = o

In order to transformraarbitraryrotating space vectoBfom the UF Ustationary coordinate

system into the rotatin@F Mcoordinate system, the following operation is applied:

BSL BEY (4.67)
where B&lenotes an arbitrary space vector referred to the rot@iRdvsystem andUis the
angle between the stationary coordinate system of the space B&rtdrthe rotating@F M
system. In the case of the induction machine, atdgan obtain two valuedepending on

whether space vectors belonging to the stator or to the rotor are being transformed @ko the

Msystem:
qaegég:&-éé (4.68)
Wiacad €F 0. (469

As mentioned in this chapter the rotati@¥ Mrame needs to be synchronized with the rotor
flux vector & which defines thergle éas:

fias L %Q. (4.70)
Thisimplies thatthe necessary condition for the vector control algorithmdik is the correct
estimation of angled Now, by applying(4.67)to (4.54) +(4.59)the space vectors belonging

to the stationary stator and rotor coordinate systems are refeteel @ Mystem:

Qe L %A?Y , (4.71)
Sl §°Y (472)
&L e (4.73)
QpL QA?Y: 7 (4.74)
SL SV 7 (4.75)
BspL AT 70 (4.76)
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Using(4.71) +(4.76)the mathematical model of the both stator and the rotor of an induction
machinereferring to the samé&@¥F Mcoordinate system synchronized with the rotor flux vector
& is obtained The fact that®, L rfor the case of the squirrehge machine is alsaken into

consideration:

@il §daE " 2°E Bfas, (477
rL s§:4aeExi/°Z°E R fias F A, (4.78)
TR -1 S (4.79)
&l .2 HE .2 &b (4.80)

where ¥, fi,and F® ,: i, F i ;terms represent the electromotive force ENIB.complete

the mathematical model théeetrictorque of the machine needs to be defined. The torque of
an induction machines expressed as a vector product of the stator cur@and the stator
flux &, gesulting space vectors ortbfe rotor current §and the rotor flux@ presulting space
vectors. These two expressions yield the resulting torque vectdrs satne magnitude, but of

opposite orientations:

%L FL L& H Sl L& H &, (4.81)
and after taking into accou@.79)and(4.80)the torque is expressed as a vector product of
the stator andator current resulting space vectors:

L F-La SH Sd-L.s §H & (4.82)
After adding the rotor dynamics equation

x 483
e LleFl (4.83)
and the relation between the mechanical angular velocity of the rotor andcelentgular

velocity of the rotor flux:

AL LA, (4.84)
the model of the machine which couple® thtator and rotor electrical and mechanical
description in a shared rotating coordinate system synchronized with the roto#lspace

vector can be considered completed. The model is summarized in on the following page.
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BSG model in a shared catinate system synchronized with the rotor flux vector:

Differential equations:

@l §A=E2%E B fas, (485)
rL §3435EXZZOE RS fias F 5, (4.86)
S LleFlg (4.87)
Algebraic equations
.l 8F .1 & (4.89)
$pl 2 SHE.2 5. (489)
%L FiLa &H Suk-L.s §H & (4.90)
AL LA, . (4.91)

Now, having refered thestator and rotovoltageequations to the same coordinate systeny, the
can be decomposed into the@gnd Mcomponents, which is the final step in fhr@cedure for
obtaining the induction machine model favorable for analytical tuning of the conttehsfer

the mitigation of FEAD vibrationgdiowever, due to the rotor of the squiragge machine being
short circuited, its voltage is 0, as indicated(8y86), which means that rotor flud, and
machine torqud¥%will be controlled via the stator voltagegand Mcomponents, that i€ «

and Q. fespectivelyAfter the stator voltage equatidd.85)has been decomposed into (@ «

and Q. gomponentsthe decoupled nature of rotor magnetic flux and mvaetorque control,

just like in the case of the DC machjngill become apparentBefore performing this
decompositiona short discussion concerning the hardware enabling this type of control is

presented in the following chapter.
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4.3.3. Voltage source inverter (VS)

The voltage source inverter (VSI) is the hardware required in order to control the magnetic
flux of the rotor &and torquel%,of the squirrelcage induction machine with th@nd M
component of its stator voltag®. [15]. The conventional voltage source inverter is aSC
buck converter, which means that the output voltage is limited below the voltage of the DC
sourcg12], in this case othe48V battery powering the BSG af MHEV. The topology of a

conventional VSI is shown on figure 20.

Fig. 20Bi-directional VSI

The VSlvoltage response dynamics with respect to the refexgitidee modelled in this thesis
by an approination in the form of a PiT(first-order lag)termcharacterizethy the inverter
voltage response lagifhe constarjt The response of and arbitrary;R&rm is show in figure
21.

Fig.21PT. systemresponse
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The actual model of aBhase inverter control system is based on the folloy@hf

x transformation of the phase variables from their natural coordinate system in the

rotating @F Msystem

x dual PI current controllers and dudldtive and reactive power controllers

X system for the synchronization with th¢pBasdoadbased on the@F MPLL algorithm
The modelling of such a systemrist abovethe authors skill levelhowever it would require
time invested into research. Frohetaspect of making the deadline of this thesis, the decision
has been made to proceed with the &Jproximation of the inverter control systegmamics

With this being clarified, the following chapter returns to the decomposition of the stator

voltagedifferential equatior{4.85) into its @nd Mcomponents in order to control rotor flux

and machine torque separately.

4.3.4. Decomposition of the BSG stator voltage model into its d and g components
Firstly, the rotor current can be expressed f(dr89)

SLY&F2 3 (492)

Y Y

noting that the indek has been omitted in the favor of simplicity of expressions. This notation
for the model ofin induction machine referred to the rotating coordinate system without index
k will be used from this point oMWhen(4.92)is introduced into the stator flux equati@n88)

the following is obtained:

&L . 5E .., gL.aeagE(%@F% A (4.93)
By utilizing on(4.93)the stator voltagedis obtained as a function of stator curregind

rotor flux &

(4.94)

QL HoE
x a’) & a’)
QoL HoEL Bo8E G2 & F2 SOE Fifia, Fo8E & & F2 0, (499)

@.L §.E @, @F’S*Z’A— gE Z RaAE Fias F. @FﬁAgE@%ga . (4.96)

where the induction Ieakage coeff|C|ent is defined by

Az 9
eLSFAYAD (4.97)
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The terméglggl from (4.96) is an unknown, however it can be obtained by knowing the

information about the stator filed curreBt . The stator field current can be derived from the
rotor voltage equation (4.86ininding that®, L ds.due to the rotor flux space vector being

collinear with the @xis

r LS8, B sEX Y ER, f.a Fii, (4.99)
Ay Ay x¢
and after decomposing the stator current space vegtoits real @nd imaginaryM
components,
r LY B4 ESC2 KE, E PR 0B E Ry ifag F 115 (499)
AY AY Y%

where the rotor time constastdefinedas

A 4.100
6 Lo (4.100

By applying(4.100)on (4.99)along with

Osx L .3 Ba, (4.101)
which stem$rom (4.66), the following equation is obtained
rL% Ga E%k%exEFEEQE-aX—(iYEFalgé:ﬁpFﬁ;. (4102
Y Y X
After separating4.102)on its real and imaginary parts, the expressio@—f}@g1 is found
Real:

2o g, P2 L AL 4103
L2 B FREE T % (4.103)
%YL Fi—iﬁé E B« (4.104)

Imaginary
%%a'—-a%aiﬁpFﬁ;, (4.105)
Y
fiaa L A E—— E 3 (4.106)

Vv
Finally, by applying4.97)and(4.104)on (4.96)the stator voltage expression suitable for

vector control is obtained:

@l SoE @bs SERUTBVAE f,, F.aﬁgEégéAG (4.107)
¢ Ay Iy %
The expression (4.107) can also be separated into its real and imaginary part:
QL Q. ERLs (4.108
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QL Ko E Pl 912F @ob Ko <E P pE-2-LI0YAE iy F. 18KE £

(4.109)
F E G §aAG
Real part 0{4.109)
Q.L @ E2AE Ee S F (erﬁ& Ea Efiga. 5 A (4.110)
Ay x¢ v Ay
Imaginary part 0{4.109)
Qeal 4afs i & 5 2'E @as2 Ba Eflas .o A (4113

Thereal component of the stator voltag€), «will be used to control the rotor magnetic flux
and the imaginarpart of the stator voltage, swill be used to control the output torque of
the machineHowever, it can be observed frqg 110)and(4.111)that the terms contained
inside of brackets couple them with one another.

In order to independently control rotor flux and machine torque, these equations need to
be decoupled. Favorable for us, thase expressed in a form that makes the decoupling
procedure possible, which was the goal of chapter 4. The decoupling procedure consists of
correctly estimating the decoupling signals defined as:

AQBXLE—S,A—};? Gs ENyzé. i (4112
Y Y
AQual F @sa’2 Ga Eflas. ok A (4113

Expression$4.110) +(4.113)enable the separate control of induction motor torque and rotor
magnetic flux, which is analogous to the case of the DC machine. This allows the
implementation of independently and analytically tuned controllecs. the @F Maxes to
remain decoupled is impatant to accurately estimate the magnetization curigpti.e. the

rotor flux angleé If this condition is true, then the following expression for the BSGumrq

applies:

I »1A L Q%@é L Cg% %'X (4.114)
To conclude this chapter, mathematical model of the BSG in the form that allows for the
independent control abtor flux and machine torque and facilitates the analytical tuning of the

field current i ;and torque currenk, scontrollers independently of one another is summarized

on the following page.
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BSGelectricalmodel for independent control of #uand torque:

Q E AQ..L 4,E .E .x%; (4.115)
Qo :E AQusl 445 E . a%; (4.116)

| ,ial GRPs L Ak~ (4.117)
AQexLé% Es Efiss®. 5 s (4118
AQesL F Fﬁaa'_—% Ea Efiga. 5 G (4119
@E@ap Fg B ER- (4120

Paa L A Gélga = (4121)

faa gi (4.122)

In the following chapter thenodel given by4.115) +(4.122)is used to design the control
system for the mitigation of FEAD belt vibrations by means of controbiotgthe speed of the
BSG as well as@nd Murrentsusing the cascade control approathe speed and current
control systems will be tuned according to the analytical -ptdeemerdike method based on

the damping optimum criterion.
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5.DESIGN OF THE CONTROL SYSTEM
FOR MITIGATION OF FEAD BELT
VIBRATIONS

5.1. VSI fed squirrel-cage induction machine control scheme

As mentioned in the previous chapter, a voltagarce inverter is needed to control the
flux of the rotorand torque of the BSG. Figure 22 shows the control scheme based on the VSI
fed BSG, on which two different control branches can be observed, each with two controllers

arranged into a cascade.

Fig.22Control scheme based on VSl fed B$Y

The cascade control arrangemen&imultiloop control structure that utilizes information
aboutthe states of the subsystems, unlike siflg® control structures that register only the
output of the system. In a singl@op controlstructurehe controller reactsnlywhen the effet

of an external disturbance is registered in the outpuhe systemwhich results in poor
performance compared to cascade contnotascade contrdhe controller®f the inner loops

(subsystems) reabefore the effect of the disturbance is registien the output, yielding
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better performancda the respect to the compensation of external disturb§22ks
The cascade branch governing the field curtgnill be modified since the followingan be
assumed:
X 7TKH VSHHG RI WKH %6 * raRiva©WHeh peffeimingstupistart and
boosting function, which is ensured by the automatic transmission.

If this assumption holds, then the magnetic flux of the r@gis kept constant and the torque
Is controlled separately as before via tgegurrent. When the induction machine oversteps the
nominal(rated)speed, it enters the flaweakening regio of operatiorj20], which manifests
itself in respect to the control system as the reduction of flux controller reference, which can be
observed on figure 22The consequence of this is that the torque current refergnges
lowered(e.g. by lowering the current limit of the machin€pnsequentlythe machinetorque
isalsoloweredVR WKDW WKH PDFKLQH GRHYVQ T WRorih¥ ¥ebidleMhisS W KH L
would meaness torque and therefore slower accelerai@peeds above the nominal value
Considering the aforementioned assumption of BSG not exceeding ratedfgpaed
23 shows the modified cascade control scheme and lB&Gematicamodel which will be
used for simulations in this thesis.can be obseed that the rotor flux controller has been
omitted due to the assumption of rated speed not being exceeded
Before proceeding to the simulation of the system shown on figuth@®arameters
of speed and current Pl controllers need to be determined and FEAD needs to be modeled. The
synthesis of parameters of all three PI controllers using an analytical method based on damping
optimum criterionwhich will ensure the mitigatioof FEAD belt vibrationsis described in

the following chapter.
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Fig.23Scheme of theascade BSG control structuredits mathematical model in rotating dg coordinate system
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5.2. Synthesis of BSG speed and currentontrol system parameters

5.2.1. An introductionto the transfer function concept and pole placement method
The behavior of acontinuouslinear system ispredominantly determined by its
characteristic polynomial, i.e. the denominator of its trarfsiiection. The transfer function is
obtained by transirmingthe system model from time domain ¢@lomainby applying the
Laplace transform:
1

(1QL+BRPAR=@P (51)

4
and then dividing thenput variable witlthe output variable of the systemsiilomain

Té )

:OL
) Q TU:Q
Where) :Qis an arbitrary transfer function of a system with an input varidgi®and an

(5.2)

output variableTy : Q. Systems with onlpne input and only one output are called SISO (single

input single output) systems and can be described indoensin by a single transfer function

) :Q. Thevirtual @nd MFRLOV IURP ILJXUH ZKLFK DUH HVVHQWLD(
s-domain are SISO since thosmirrentsare controlled only by their respective voltag@s. x

and @ 5, yvhich is illustrated on figure 24.

Fig.24Virtual d and g coils represented by their respedhigasfer functions

The system comprised d3SG torque equation coupled with FEAD dynamissalso SISO
since the speed is controlled only by the torque curkggdiue to the rotor fluxds beingkept
constanbecausef the assumption made in chapter Fhis representation of BSG torque and

FEAD dynamics is shown of figure 25.

Faculty ofMechanicalEngineering and Naval Architecture 42



Filip Plavac ODVWHUYY WKHVL

Fig.25BSG torque and FEAD dynamiepresented by a tranfer function, ; ag v 0.0

An arbitrary transfer function of the system of théhrorder has the following form

)_OLTQ:OL$:OL>aC9 E> 5075 E> 37 E®E >»0E >
' TyQ 0:Q0 =0 E =,58%5E =,,G’ E®E=0E 5,

The numerato$ : Q describes the dynamics of the system infptO, while the denominator

(5.3)

0:Qthat of the outpufl: Q. The coefficientss;jand >are determined by parameters of the

systemEvery denominatof : Qof an arbitrary transfer functionis called the characteristic

polynomial

0:Q L =0E=,583"°E =,,03’E®E 50E =,. (5.4)
When thecharacteristic polynomial is equated to 0 the characteristic equation of the systemis
obtained

= O E =0’ E=,,3° E®E=OE= L, (55)

and after solving theharacteristic equation the poles of the system are obtained:

QL &E g (5.6)

The poles of the system can be real or complex, fatieisystem is of the second order, its
poles are directly tied tibls damping and stabilif22]. So, in order to getsecond ordesystem

to behave in a satisfying mannies poles need to @aced on certain positions in the complex
s-plane by introducing the controller into the systemd &uning its parameterin order to get

an optimally damped system, its poles need to be placed on the line of optimal dai®idneg

by the coefficient of relative dampinGL %6. The word optimal is used here in respect to the

compromise between systeresponse speed and vibrations damping, since one cannot have

both. The splane, along with its regions and line of optimal damping is shown on figure 26.
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Fig. 26 s-plane with the optimal damping line definedthg coefficient ofelative dampingp L 3—?

As mationed, the coupling between the system poles and parameters indicating therbehav
of the transient respse, the relative damping fact@and the natural frequendy;, is only
valid for the systems dhe second ordefThiscan be observday looking at the characteristic

polynomial of the general transfer functigg: Qfor an arbitrary second order system:

s
).OLSOE“DE (5.7)
e © EROFS
The idea of the damping optimum criterion is to couple the polagybkr ordesystens

with Gnd i 4[22], which is necssary to optimally tune BSG speedntroller, since the speed

controlsystem iof fifth order.

5.2.2. Damping optimum criterion
In order to derive the damping optimum criterjtre transfer function of bnear

system of rth arderwill be used
uQ S

) oL LEQ L :é@ E 23?56?5 E :é?6@?6 E®E :50E =4
which canbe represented by an equivalent block diagsaown on figure 27.

(5.8)

Fig. 27 Block diagram of a linear system described by transfer functi@ (5.
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The coupling ofthe poles 0{5.8), that is, the coefficientsywith thetime constantgfrom
figure 27,requires thathe transfer function of the block diagram from the same figare
derived Transfer function) &: Q of an arbitrary closed looghown onfigure 28 is obtained by

using the expressidb.9)

Fig. 28 Arbitrary closed loop

u.Q )a:Q
<0 L L a (5.9
o9t g b sEy.0
where ) ;:Qis the open loop transfer functiddtarting from the innermost lo@nd using the

expressiorfs.9), the transfer functions are as follows:

UuaQ S

t A 5.10

)60 L6 b o (510

- Ws:Q S . 511

)é?5'OLLE?53QLGa?5E%C§ E63?5OEsa (49
W75:0 S ;

426:0 L L 4 (5.12)
Jaze Wo6'Q 649664956, 0 E 657664750 E 64,60E s

«
Stemming from this, the transfer functiontbe block diagram on figure 27 is obtained:
uaQ L S ;
0 SEA AV, 60
It is now evident that the coefficientgof the transfer functiof5.8) are coupled to the time

(5.13)

):0L

constantsg; i.e. the coefficients of transfer functi@ 13) in the following manner:

= L 660586 (5.14)
=25 L 63756406 & 65 (5.15)
«

== 6 (5.16)
==1, (5.17)

or
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6y L __U A (5.18)
=»5
The next step is to couple the time constéhitid) to the parameters indicating the transient
response behavior, i.#e relative damping facta@nd the natural frequendys;. This is

done by considering the following subloop fréigure 27 separatgl

Fig. 29 Subloop fronfigure 27
The subloop from figure@can be transformed into the loop shown on fii0e

Fig. 30 Transformed subloop from figure 27

and its transfer functionis:

s )
Boéts@ E BAGOE S (519
5 6

)a»s5:Q L

0 e
The relationship between the coefficient of relative damgpagd the time constant§now
becomes clear:
6 S ,
6sr5 VP
Expression (5.20) indicates that the relative damping coefficiesisrmined by the ratio of
time constant$; and 65,5 This ratio is called characteristic ratég;
6 .
& L——2a (5.22)
® 7 Byos B
Every system with a relative damping coefficiégnL g—fresults in a quasaperiodic response

with 6% overshoot and rise time between-2.8 65 where 6is the equivalent time constant

of that systenfi23]. In order to getb L 3—/:the characteristic rati&; needs to be:

6 S ,
L — L= (5.22)
& L e L B L rav

Considering that the time response of a system With%ﬁfrom figure 29, i.e. figure 3Mas

an overshoot of only 6%, it can be approximated by thet&m:
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S S -
Jars:Q L 64256, E 64,50E s N 6425 0E s
The ability to make this approximation is significant from the aspect of control system tuning

(5.23)

since it lowers the order of the system by one, meaning that one leparfaegeter (controller

parameter) is needed to place the poles of the system on the line of optimal damping from figure

26. To put it precisely, simpler controllers can be used and one less system variable

(displacement, speed, acceleration, voltage, cslfen QHHGV WR EH PHDVXUHG HV
The procedurés.19)- (5.23)can be repeated for every preceding subloop of the cascade

structure from figure 27 and if every characteristic ratio is s&&jgt r &then the damping

optimum is achieved. In that casejeey subloop in an arbitrary cascade structure has the
relative damping factoy, L 3—26 and can be approximated [.23.

Considering that every subloop of the cascade structure from figure 27 is of second order

and considering that the poles of thesesdorder subloops have beby means of&;L r av

placed on the line of optimal dampirig La—/? it can be said that the relationship between the

system poldocationsn thes-plane to its damping and stability has been generalized in respect
to systems of higher order, which concludes the derivatidhedlamping optimum criterion.
The value of characteristic ratios on the respofifeesystem defined by the damping optimu

characteristic polynomial of&h order can be seen of figure 31.

S

524
RGO &R GO E & B OE GO EGOEs

):Q

Fig. 31Influence of different values of characteristic rati®go the response of a system with the damping

optimum characterstic polynomial

Faculty ofMechanicalEngineering and Naval Architecture 47



Filip Plavac ODVWHUYY WKHVL

In the following chapters, the parameters of BSG field and torque current PI controllers, as well
as of itsspeedPI controler, are determined analytically using the damping optimum criterion

presented in this chapter.

5.2.3. Synthesis of BSG dq currents control system parameters
Since the torque of the BSG is controlled via the torque cuigegwith thefield current

& being kept constantnly the parameters of thig, £I controller will be determined using

the damping optimum critericand then those same parameters will be set as the parameters of
the & controller. Thek gurrent control loop othe BSGis represented by thechemeon

figure 32.

Fig.32BSG current contol loop scheme

Since the EMF andaF Maxes couplingare compensatedor, asshown infigure 32, the

following block diagram can be used to synthesizectintroller parametersy gnd 6.y

Fig. 33 Current control subloop block diagram

From figure 33 can be observed that 8Pl controller is discrete, hence the quasntinuous

approach is utilized to determine its parameters. Qu@asiinuous approach lumps together the
extrapolation delay anfastinverter dynamics to approximate them with the RFm defined

by the paragic time constantts{23]. This enables the synthesis to be carried out using the

continuous model of PI controllgas seen on figure 34
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Fig. 34 Current controlloop forguasicontinuous approach to controller parameter synthesis

The parasitic time constarjs defined by:

6
6l ¢ E Bysdd (529
In order to achieve a fast responseipfollowing the change of refence & s:the controller
time constantts ysed to cancel out the dominant time constant of the system from figure 34,

that is the virtual coil time constaré,.

6y 64 (5.26)

The closedoop transfer function of the current control subsystem can now be obtained:

S

b 6515 S0 o ¢
"0 Ya pEeIvE!

The controller parameters agnthesizethy using the damping optimuaniterion discussed in

)osQ L

a (5.27)

chapter 5.2.2. The characteristic polynomial of the transfer function (5.27) is equated with the
secondorder damping optimum characteristic polynomial with all characteristic ratios set to

&L r& The secondrder damping optimuncharacteristic polynomial has the following

form,
#e1,£0 L 86565 E 6,0E s (5.28)
and after equating
805 £ DU oF 5 | 6,686 E 6,0F sé (5.29)
“OUa “OUa

the following expressions fo, I controller parameters and current control system equivalent

time constant arézgptained,

6z J- t6spa (5.30)

6L 6,4 (5.31)
6 0 Gu |

- L (5.32

od- 6z ta tGSU'aa
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The response of the current control system with param@eag)- (5.32)can be observeidh
figure 35 The responsen thestepchange offg. 5V VKRZQ ILUVWO\ DQG WKHQ |

change ofk, 5 gonditioned by the preceding control loapthe cascade structure.

Fig. 35Resposeof the torque current control system tuned according to damping optimum

The tuning of the current control system according to damping optimum criterion allows for it,
as said irchapter 5.2.2., to be approximated with the BFm defined defied by the current
control loop equivalent time constant:

s .
)oiQ L & OE s
This approximation will be used in the synthesis of B@edP| controller parameters, since

(5.33)

it lowers the system order by arigefore proceeding to BSG speed control system tuning, the
accessory drive model twmass simplification needs to be clarifi@dceit has ameaningful

impact on speed control.
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5.2.4. FEAD MATLAB model

The accessory drive is modelled as two ma88& and ICE crankshaftpupled with a
spring and a damper as shown on figure 36. Such model represents an approximation of the
accessory drive in which the spring/damper joint, defined blpitgitudinalstiffness G and

longitudinaldamping @, is supposed tapproximatehe elastic behavior of the timing belt.

Fig. 36 Two-mass approximation of FEAD

The equations describing thatational dynamics adccessory drive modeled as a tmass

elastic systenwith the longitudinal model of belt dynamics from figure 8& as follows:

@))‘ A
,»iA—@IgL l5iaF (oo hbia (539
(6orle R TiaF TaviE @Q'Ria F Ry (5.39)
@4y,

AT gy pl (00 Bk | Avdh (539

where R;; pand Ry 1, gre tangential velocities of BSG and ICE, which are both considered to be
rigid bodies, measured relatively to the center of their rotation. Simil@ghsand Ta., are

their tangential displacementdowever, the BSG speed control system parameter synthesis
procedure described [24] consders the torsional coupling between the two ingfitighis
case,,jaand i), SO the longitudinal model of the belt dynamics has to be transformed into

its torsional equivalent as shown on figuie 3

Fig. 37 Scheme of the FEAD model with the longitudinal dynamics of the timing belt and its torsional equivalent
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The torsional dynamics of te belt is described by the following set of ieqsat

@A

I
I AT A~ |— I » F (537)
A @P 1A %@;B
| LG UiaF GuiE @ @2 Fiiavd (539
@Al/a
,A%WPI“_ I FI ga (5.39)

Figure 37 implies that the longitudinal stiffne€s and dampingG of the belt have to be
transformed intoheirtorsional equivalent§y and @. This shall be done by observing the belt
force (s g @0 the ICE crankshaft pulley and multiphg it by the radius of the crankdhay 5,
in order to obtain the torque driving the crankshaft, and then equiatorgue to(5.38) The
contact between the belt and the pulley is not consideredWetethis in mind, the following

expression islatained,

G TiaF Tayslu&E @ BiaAF RysNydk G UijaF UiysE @l=— »IA F AP (5.40)
from which stemshe expression for equivalent torsmnalfstefssG,

» A F TA1/4

L g2tAF Tavy . 541
G L G o Gy e (5.4
where
Al .
— N M8 (5.42)
U
This yields
G N GM,.a (5.43)

The same is repeated for equivalent torsional dam@ng

R R& T»iAFTA%% T+ F Ta
> 1A Ya ¥4 » A AYsd .
@L @ L@y oo vk @ ey, e @kia (549

NyiaF Aay,s, 5 5 UiaF Uiy,

The validity of approximation (5.42) will be shown by comparinglibbavor of the control

system (with parameters obtained through this approximatibah coupled with the FEAD
model which includes longitudinal dynamics of the [{glB4) +(5.36) opposed to the FEAD
model which includes the torsional dynamics of the 87 +(5.39) These two models are

show by block diagrams on figures 38 and 39 respectively.
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Fig. 38 FEAD block diagram with longitudinal belt dynamics

Fig. 39 FEAD block diagranwith torsional belt dyamics

The FEAD with the torsionalmodel of thebelt dynamicsfrom figure 3@ will be used to
synthesize the parameters of the BSG speed controller, which is superimibsespect to

the previously discussed PI torque current controller in the cascade control structure.
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5.2.5. Synthesis of BSG speed control system paranees

The control system aimed at mitigation of accessory belt vibrations is a cascade structure
comprised of BSG speefi4; ;control loop superimposed to the torque currgntontrol loop,
since the speed of the BSG is controlled by manipulatingngsieolf the assumption of BSG
not overstepping the rated speed made in chapter 5.1. were not valid, the belt \8boetiaoh
system would be comprised of a double cascade structure, in which there would be an additional
rotor flux &5 controller supeémposed to the field current controller, as can be observed from
figure 22.The scheme of BSG speed cascade control struictueecessory drive vibrations
dampingis presented on figur€0, with the current contrdloop dynamics represented by a

single Bock.

Fig.40Scheme of the vibrations damping cascade structure

The following block diagram can be used to synthesize the parameters of BSG speed controller.

Due to simplicity, the damping facta@ is not considead in this procedurf24].

Fig.41BSG speed control loapith discrete speed contiler

The quasicontinuous approach to controller parameter synthesis is again utilized because of
the discrete nature of the speed controller. Alsogtineentcontrol dynamics is lumped into the
parasitic PTtermdefined by its time constar@ , approximating the effects of discretization
andcurrent control dynamic3he BSG speed control loopith these modifications is shown

on figure 2.

Faculty ofMechanicalEngineering and Naval Architecture 54



Filip Plavac ODVWHUYY WKHVL

Fig.42BSG speed control loagith continuous speed contlet

The parasitic time constar® is defined by:

6
L O . (5.45)
6 L E6yd
The natural frequencies of the system from figure 40 read:
S s
3, L"Gl—E—pa (5.46)
»IA AYaYa
345L " G a (5.47)
;»iA%QBQ
3,6l " G, (5.48)

WAYa Vs
where 3,is the natural frequency of the accessory drgsthe naturalfequency of BSG side

vibrations and3, gthe natural frequency of ICE side vibratid@4]. The parametef(G is the
equivalent torsional stihess of the timing belt,,; ,and ,5,3he inertiae of BSG rotor and ICE
crankshaft respectivelefore expressing the transfer functioB&G speed control loop from
figure 4, it is transformed by utilizing o(6.40. The transformed block diagram is presented
on figure 8.

Fig.43BSG speed controlloop with continuous speed controler favorable for transfer function derivation

The closed loop transfénction of the block diagram from figure 41 reads:
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oL S (5.49)
)6 GE=OE=4OE=x0E 550E s '
—s L G O (5.50)
e L & ‘wiAE A%V%Q)é%szgé (5.51)
-8 Ci;
:@ L a) Heé !))‘lAE1A1/43/A%QB% Szglé (552)
-6 Q

& wiA .
LD A (5.53)
@7 -6 G3§s

& 6 wiA.
L0 wiAy (5.54)
T 5 G3%

The controller parametersy and & are synthesized by using the damping optimum criterion
discussed in chapter 5.2.2. However, this time the system order is greater than the number of
free parameters available § and &) for placing the system poles on the line of optimum

dampingbp Ls—/f, i.e. the BSG speed controlleris of reduced of2i2}.

In this case, the best approach is to use the available controller parameters to set the
characteristic ratiogpf the outermost loops of the cascade structure to valudg;bfr ay
that is characteristic ratio&;8&; a &p.5 Where Hs the number of the available controller
parametersThis approach results in the dominant poles being placed on the line of optimal
damping owning to the dominant characteristic ratios be&g_ r & while the locations of
nondominant polesre deterrmedby the values of nedominant characteristic ratios which
appropriatesomevalues depending on the structure of the process and the corjz@]ler

So, the characteristic damping optimum polynomial of the fifth order is equated with
the characteristic polynomial of the transfer funci(dm1)

8o8S &7 8865 O E &&5&[ 63 O E & &6 O E &65 O E 6 OF s=
(5.55)
=9 E=33 E =50 E =50 E =5 OE si
Since HL t the characteristic ratio&g and & are set to value 0.5 by using the controller

parameters comprising characteristic polynomial coefficegis=s =
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& 8865 O E &GS OE6y; OEsL =35C E= O E 550E s (5.56)

Taking into account the frequency ratio,

N, gL 3465 Lr@asww ra (5.57)

and the ratio of BSG rotor and ICE crankshaft intertia

AVs¥, 3?‘. p
De »i1A  35sF s
the expression forgy coefficent can be simplifig@5]:
))‘\:SE ; S l))\\3
o L& HASEXED Eare) 6, s 3,242 378 E 338N
0 & 0 G (559)
N & 3783

Finally, with (5.51) taken into account, the following expressions for the parameters of BSG

speed PI controller are obtained:

& L 64 (5.60)
S .
L——2a4a (5.61)
& ¥ & 346
. LB »iaE 'A%%%(aﬁs\?gesa (5.62)

G & &5 35F s

Some arbitrary load should be defined before proceeding to simulate the vibratigpisgla
cascade control structungth controller parameteigiven by(5.30) {5.32)and(5.52) #5.54).

5.2.6. ICE crankshaft main bearing friction torque
For the sake of simulation analysis, the load acting upon the machineviibtoe on
the side of ICE crankshaft in the form of a Stribeck curve given by the following expression:

o0

o
| eoifiaviul @ 4Ei/ | F/ ;A A i0CHiania (5.63)

where / yis the Coulumb staticifction torque,/ ; the maximum value of static friction torque,

or the breakaway torquefi; the Stribeck speed andlthe Stribeck coefficient which

appropriates values from on the intervaivQ U Q t. The Stribeck curve defined by expression

(5.55), with linear approximation of static friction discontinuity shownin figure 4.
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Fig. 44 Stribeck friction curve

The vibrations damping cascade control structure with controller parameters gi(8Qy+
(5.32)and(5.52) +(5.54)modelled in 8MULINK is shown on figure® It is coupled with the
two-mass accessory drive dynamics from chapter 5.2.4. loaded WBtNe peak Stribeck
friction at ICE sideParameters of the BSGEAD and the control systeare given in table 1.

In the following chapter simulation resultal first be presented for the case of FEAD
belt dynamics being described by tbesionalmodd from figure 39 and then compared to the
case of longitudinal model from figure 3Bor each casethe BSG speed control system
response will be presented with parameters synthesized using the damping optimum criterion
taking into account the elastigiof the timing belt, i.e. with the parameters given(6y62) +
(5.54) Next, its parameters will be changed to values also analytically synthesized using the
damping optimum criterion, but with the assumption that the coupling between the ISG rotor
and ICE crankshaftis rigid'his will be done only for the torsional model case, since the results
will be the same, that is, undamped belt vibrations manifesting as torsional vibrations of the
BSG rotor and ICE crankshaithis is done to emphasize thiéeet of different BSG speed
control system tuning to its vibrations damping ability.

After that the cutoff logic is switched on, which cuts of the BSG torque after it has

reached the referent speed, thus simulating the stop/start functionality discusbeghter
1.4.1. The boosting function won't be simulated using MATLABIULINK, but AVL

CRUISEM M simulation enironment in later chapters.

Faculty ofMechanicalEngineering and Naval Architecture 58



Filip Plavac ODVWHUTYTV WKHVL

Fig. 45 Simulink model of BS§peed/current cascad®ntrol structure BSGmathematical model in dq coordinate systand accessory drive dynami
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Table2 System parameters

BSG
Stator winding resistancd,, Y 0,0133
Rotor winding resistancet; Y 0,0233
Stator inductance ,H 7,5*10°
Rotor inductance 3 H 7,5*10°
Magnetizing inductance 5, H 6,75*10%
Number of pole pairsl. 4

FEAD
BSG inertia,,,j 4 kgn? 0,003
ICE crankshaftinertia,, j 5 kgr? 0,12
BSG pulleyradiugyj 4 m 0,0316
ICE pulley radiusy ., 4n 0,0753
Belt longitudinal stifness' # N 65500
Beltlength.,m 1,3784
Damping factorB, s 1,4*10°%

Current control system

Constantfield currentreferends, ,,A 400
Inverter time constanty; 54 8 4*10°
Sample time6,.s 4*10°
Voltage limit 7545V 48
Currentlimit 45 5 g A 500
Pl Band E controller time constangs,$ 4,4313*10
PI Band Econtroller gain- ¢ gY 0,1187

Speed control systemlastic tuning(5.53) H5.54)

Sample time6,,, s 4*10°
PI fi,;acontroller time constan@s , s 0,0596
Pl fi,jscontroller gain- ¢ , kgn?stH1AL 6,8113

Speed control systemigid tuning (5.60) H5.61)

PI fi,;acontroller time constan@s , s

5,6*104

Pl A, scontroller gain- ¢ , kgm?stH1AL

543,7978
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5.3. Simulation results

5.3.1. Simulation results using the FEAD model with torsional dynamics of the belt

Figure %6 presents the system response with the BSG speed/current control system
tuned for accessory drive vibrations damping, i.e. yidinameters given b{s.52) +(5.54).
Figure & gives the responses of BSG field and torque currents, along with the rotor flux
generated.

Fig.46BSG and ICE speed response withdbntrol system tuned for vibrations damping

Fig.47 Torque/field current and rotor flux responses with the control system tuned for vibrations damping
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Figure 8 shows heresponse ofheelectrical torque ,; pgenerated by the BSG, along with
theresponse of the belt torque; s ¢ 4 = y J@IGE transfered from BSG to ICEwhich is used
to overcome thenain bearingriction torquel g,and accelerate the crankshafe torque

| ca0a=0g@lgE is the torquel from expression(5.38) The torquel 54060 @BSG
opposes the electrical torque,j 5 and is equal td g @g indicated in expressig5.37)
These relations aefined by the dynamics of them@ass simplification of FEAD from figure
37.

Fig.48BSG eleatical torque, belt torque and main bearing Stribeck friction torque responses with the control

system tuned for vibrations damping

It can be observed from figur@& that the speed response of both BSG and ICE are well
damped and quite fast. This is partially doethe only load being the main bearing friction
torquel £,The torquel transfered by the bak high, with the peak of 197 Nm owing to high
electrical torque being suppligak well as the transnasn ratio of i 5 & 2.5. This high torque
yields a fast ICE crankshaft riup with only a short delapherent to the 2mass elastic model
which differs fromthe reallife situation, as will be shown by the more precise AVL EXCITE
™ Timing Drive accessory drive model.

Next, the response of the system with thieaffilogic turned on is presented on figure

49. When the BSG reaches thgeedefererce,the field and torque currentf and E are cut

Faculty ofMechanicalEngineering and Naval Architecture 62



Filip Plavac ODVWHUYY WKHVL

off which results in undamped belt vibrations while the systeoektrates, since tie¢ectrical

torque | zcan no longer be controlled due to the absence of toruge current.

Fig.49BSG and ICE speed response with torqueatiifter reaching the referent speed

Now, to illustrate how the system would behave if the damping optimum criterion
method wasn't applied to tle®ntrol system model which takes into account the elasticity of
the belt, given by figure2} but on the model from figurg0, which assumes rigid coupling
between the BSG and ICE crankshatft.

Fig.50BSG speed control loop with continuous speed cdatrand rigid coupling between BSG ancHC
crankshaft

Where cacd%

cacok »iA E AvvBof (5.64)

The transfer function of the model from figure 48 is:

S
)o:O L— - a (5.65)
_’Qa_ﬁ;@ ag EEL_QQ G EG6 OEs
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and after equating the characteristic polynomidbdb7)with the characteristigolynomial

of third-order damping optimum criterion:

cacd® & dE’“"‘?Cﬁg G E6 OEsL
2 G "a (5.66)

88863 G E &65 O E 6, OF sa

the following expessions for controller parameters are obtained

6, L 6 a (5.67)
6; L v6s & (5.68)
i '6a¢0 5.69
2 LTe G G% (5.69)

The systenBSG and ICE speed resmeswith parameters tuned in this manaeeshown on

figure51

Fig. 51BSG and ICE speed response with the control system tuned as if the coupling between them was rigid

It can be observed from figuggl that this kind of tuningesults in undamped FEAD belt
vibrations which are manifested as torsional vibrations of the BSG rotor and ICE crankshatft.
These vibrations occur because fipeed of BSGLVQ W FRQWUROOHG DQ\PRUH =
on vibration damping, which propagates its self through the tocguent & and finally

reaching the torque of the machinausing the response semnfigure 8. Behaviorof current

and torque responsearche observed on figures 52 and 53.
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Fig.52Torque/field currentesponse with the control system tuned as if the coupling between them was rigid

Fig.53BSG eledtical torque, belt torque and mabearing Stribeck friction torque responses with the control

systemtuned as if the coupling between them was rigid
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5.3.2. Comparison with the response of the system using the FEAD model with
longitudinal dynamics of the belt
In this chapter will be shown that ti#SG control system tuning yielded from the
approximatior(5.42 made in chaptées.2.4,in order to obtain a FEAD system model favorable
for synthesizing the controller parameters according to the procedure desciib£ld rasults
in the same behavior of the FEAD system with the belt dynamics modeled as longitudinal

(figure 38) as it does for the torsional model (figure 39).

Fig.54 Speed response comparison for the torsional vs. longitudinal mbited BEAD belt dynamics

Fig. 55 Currentand rotor flux response compatrison for the torsional vs. longitudinal model of the FEAD belt

dynamics
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Fig.56 Torque response comparison for the torsional vs. ltuggial model of the FEAD belt dynamics

There are certain physical phenomena that the dynamics of thas2 FEAD
VLPSOLILFDWLRQ GRHVQTW WDNH LQWR DFFRXQW VXFK DV
this, the transient response of the FEAD madenot accurate enough when its dynamics is
simplified by equationg5.34) +(5.36). In order to obtain a more accurate response, a

specialized multbody dynamics simulation environment must be used.
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6.AVL EXCITE ™ FEAD MODEL

6.1. AVL EXCITE ™

AVL EXCITE ™ is a rigid and flexible multbody dynamics software for powertrain
analysis.EXCITE ™ supports the modelling of components, subsystems and complete
powertrains with different levels of detail. This ensures that the optimum balance between the
simulation effort and accuracy can behieved in accordance with analysis demdi26$.
Figure ¥ shows friction analysis in a-dylinder engine using EXCITEM, which represents

one of many use cases for this software.

Fig. 57 Friction analysis in a 4cyliner engine using EXCITHE

Using EXCITE ™ reduces the need for prototyping and helps to avoid expensive
troubleshooting. Furthermore, it facilitates short project lead times due to high computational
efficiency and applicatiooriented and automated pgsbcessing. Result data evaluation can

be customized in a dedicated environment that supports report generatienfy3leveloped

apps and workflowg26].
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In the scope of this thesis, the Timing Drive module of EXCI¥Es used to model the FEAD
and to couple it with the BSG model from MATLAB in order to perform a cosimulatibith

will yield more accurate results than those presented in cha@eEXCITE ™ Timing Drive

is a dedicated module that specializes in the analysis of belt driven system and as st itis
to capturephysical phenomena that the dynamics of thedss FEADapproximatiorused
previously could not, namely the slip between tak &nd the pulleyshe next chapter presents

the accessory drive model frd@XCITE ™ Timing Drive.

6.2. EXCITE ™ Timing Drive FEAD model
The accessory drive is modeled using the Non Toothed Belt macro element where all the data

relevant to the drive is defed. Firstly, global data is defined as shown by fig@e 5

Fig.58Global data

After that the drive layout considering the number of pulleys, pitch diameters, absolute

coordinates, contact, function and speed at the start of the simulation has to be defined as shown

by figure59.

Fig.59Drive layout
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This is followed by the definition of pulley properties such asB Degress of Freedom)
mass, moment of inertia and friction factor

Fig.60Pulley properties

Tensioner geometry can also be defined. However, since there will lstiveotansioner in the

model this area is left as default. This decision has been made in order to keep the model as
simple as possible in order to avoid numerical isshascan arise from two different solvers,

i.e. MATLAB solver and EXCITE™ solver working together The active tensioner can be

added later on when this simpler iteration of the FEAD model has dmditmed to work
properly in the cosimulation.

Fig.61Tensioner geometry
Belt geometry and mass data must alsdéfened:

Fig.62Belt geometry
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Fig.63Belt mass properties

The belt elasticity properties are as follows:

Fig. 64 Belt elasticity properties

The equivalent torsional stiffness and dampiogefficients from the Znass FEAD
approximation from MATLAB were defined from the data presented in the above figure. The

expression for axial stiffness of an element undergoing tension or compressionesl tgfin

G Lj a (6.1)
which is easily obtaineddm the parameters given in this chapter or from tabie chapter

5.2.6. The longitudinal damping factor is obtained accordin2@ by using the following
expression

@L BGa (6.2)
The last thing to specify in the settings of the N@othed Belt macro element is the contact

stiffness and damping, as well as the friction paramefetitse front and back side contacts

between the belt and the pulleys.
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Fig. 65 Stiffness, damping and tangefriction of belt and pulley front and back sidentacts

Faculty ofMechanicalEngineering and Naval Architecture 72



Filip Plavac ODVWHUYY WKHVL

The depicted setup results in the following model

Fig. 66 FEAD Multi Body Modek2D View

When viewed in 3Dthe specialized elements used to discretize the timing belt can be noticed

on the left side of the figure.

Fig.67FEAD Multi Body Modek3D View
This model will be used in cosimulation with MATLAB in order to test the perfoceaanhthe
BSG speed control system with parameters tuned according to damping optimum
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criterion,which mitigates the vibratioraf the timing beltmanifesingthemselves as torsional
vibrations of the BSG rotor and ICE crankshaft, as was described inechapBefore
proceeding to the coupling of EXCITE! and MATLAB, some load needs to be defined in
EXCITE ™, since it simulates the mechanical part of the system, that is the AlB&Zxame
Stribeck curve used in thdATLAB simulation is defined here inréer to obtain a similar
response. This is the only load acting on the system.

Fig. 68Friction characteristic of the crankshaft bearing

6.3. MATLAB cosimulation setup

The connection between MATLAB and EXCITE is made with the $unction block in
Simulink, serving as an interface between theseguoftware. EXCITE™ is the master in this
connection, which means it controls the time step size and converf#8jcll results are
passed from EXCITEM to MATLAB/ SIMULINK unchanged via the-finction interfacend
vice versa. This is the principb&which the cosimulation is based and WIfstrated on figure
69 usingafamiliar model

Fig. 69 Scheme of the molder EXCITE™/MATLAB cosimulation
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The interface block in Simulink is shown on figur@ The number of input vecto(8SG

torque, BSG mass element, ICE mass element) and owptdrs (BSG torque, BSG speed

DOFs, ICE speed DOFsKkDV WR EH HTXDO WR WKH QXPEHU RI FRQQ
0$7/$% EORFN RQ Wsdé. (:&,7(

Fig. 70 EXCITE™ interface block in Simulink

Every vector has 6 elements that descrilio state okach connection mads EXCITE ™
side.The first three elements of that vector are translational DoF and other three are rotational
DoF.

Since there will be three connections on EXCITEside in this cosimulation, which is
shown on figure 73, three such vectors carrying the information about the DoF state of each
connection will be formedn EXCITE ™ sideand combined into a singlestor before being
sent to MATLAB. This can be observed by looking at the innerah@siultiplexeelement on
the right side of the interface block on figur@, ivhich has a function of separating that
combined vector into three separate vectors carryifgnmation about the DoF of each
connection respectively.

The process of sending forces/torques from MATLAB to EXCITHs analogous to this
procedure.Thenumber of input vectors defindds to beequal to the number of output vectors
received from EXCTE ™, each having exactly six elements, and passed through the innermost

multiplexer block before being sent to EXCITE as a single combined vecto
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The connection on EXCITEM VLGH LV PDGH YLD WKH 3/LQN WR 0$7/$%°

path to the Simulink model has to be defined along with the elements which are to be connected

to the interface and their respective connection type.

Fig. 71Setup of Simirkk model path in EXCITB"3/LQN WR 0$7/$%" EORFN

Fig. 72 Setup of elements to be coamrel to the interface with MATLAB and their respective connection types in
EXCITEM3/LQN WR 0$7/$%" EORFN

$YDLODEOH FRQQHRQYVYRQ W\@E VeHUWH/ RE) JRUFH™ 7HKHH 36HQV
XVHG IRU HOHPHQWY WKDW RQO\ HISRUW PRWLRQ DQG 36HQ
export motion and receive forces/torques from MATLABis concludes the preparation of

both EXCITE ™ and SIMULINK model for the cosimuatiohe results of the cosimulation

are presented in the next chapter.
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6.4. EXCITE ™/MATLAB cosimulation results

Figure B shows BSG and ICE speed responses, along with the torque received on the

BSG side from the MATLAB model through thef@nction, as well as the torque transferred
to the ICE crankshatft.

Fig. 73 Cosimulation results
In order to se¢he difference between tlspeedresponssof the EXCITE™ model and the
two-mass MATLAB approximation from chapter 5, the results from figuBeai® plotted

against the results from figures.46

Fig. 74 Speed response comparisgmtween EXCITEM and MATLAB

Faculty ofMechanicalEngineering and Naval Architecture 77



Filip Plavac ODVWHUYY WKHVL

The difference in ICE crankshaft speedis appaegentin order to investigate the reason behind
such result the torques generated at BSG sidéaiques transferred from the BSG to the ICE

in both MATLAB simulation and EXCIE ™ cosimulation must be plotted against one another.

Fig. 75Torqueresponse comparison between EXCITEnd MATLAB

On figure B the torques accelerating the BSG and the ICE both in MATLAB simulation and
EXCITE ™ cosimulation can be observed. The MATLAB torques seem to be significantly
bigger than those generated and transferred in EXCYTESo, the large difference in torques
transferred to ICE explains the difference in ICE speed responses obtained from MATLAB
versus the ones obtained from the cosimulation.

The torque difference is explaith by the expressian

I LG :UjaF UwiE @ @;DL;BF NAv.f (63)
which determines the torque transferred from BSG to ICE in MATLAB simulation by a single
spring/damper joint defined by its torsional stiffness and damping. This model does not take
into account the slippagehenomenon where the velocity of the specialized belt segments
transferring torque in EXCITE" cosimulation is bigger than the speed of the ICE pulley, which
hinders torque transfer from the belt to the pull@gnsequently, the torque transferredto ICE
Is built up much faster in MATLAB simulation than in the cosimulation where the slippage
effectis taken into accourgo the ICE accelerates slower in the cosimulation

Another effect that can be observed from figuiré and 5 is that although the BSG

torque generated in MATLAB simulation is significantly bigger than the one generated in the
cosimulation, the speed response does not differ in the same manner. This is explained by

theexpression
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,»‘lA%L i F%me‘c (64
where the torque transferred from BSG to ICE in MATLAB simulation by a single
spring/damper jointis scaled by the transmission ratio of the belt &iy@n order to express
the reactive torqyevhich the electrical torqué ,; has to overcome in order to accelerate the
BSG rotorThe reactive torque is lower in the cosimulation due to the occurrence of slip which
prevents this torque from generatiqgickly, since it is directly proportional to the torque
transferred to the ICE. The result of tisghat thelower values ofl ;5 are requested from
the control system because the reactive torque is lower. Consequentibygties available to
acelerate the BSG rotafter overcoming the reactive torqaee roughly the same in both
MATLAB simulation and EXCITE™ cosimulationas indicated by figure6Z Since the inertia

of the BSG rotor are the same in both cageés)ogical that the speed ©@anse will be similar.

Fig. 76 Responseomparison between EXCITEand MATLABof torque available for BSG acceleration

The slippage ofhe beltis analyzed by observing specialized finite elements, shown on
figure 67, that compristhe discrete representation of the timing belt. The number of these
elements was setto be 150. Since many of these elements are in contact with the ICE crankshatt
pulley at the saméme, which is also seen from figure ,G7 would be quite an unpleasant
representation to plot the slippage between the crankshaft pulley ahthadiscretelements
contacting it during theasimulation on the samglot. So, in ordetto present a clear picture,
the slippagéetween the ICE pulley arevery 3" finite elements plotted on figure 7Many
of these elements come into contact with the ICE pulley multiple times during the cosimulation,
like the ones named MASS 30, MASS8 &nd MASS 90, observed from figure 77. It has been
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shown that theslippage percentage tends to be bigger at the beginning of the cosimualton,
higher than 35 %. This was expected since there is no active tensioner in the system that would
keep the belt tigtened at all times. The slippage calculationis prone to numerical errors at the
beginning of the cosimulation, as is indicated by the bottom chart on figure 77, where slippage

percentages of oveB*10° % are present.

Fig.77/AnDO\VLV Rl EHOW VOLSSDJH E\ REVHUYLQJ VSHFLDOL]HG ILQLWH 3
time periods

The overall conclusion is that the EXCITE is better suited for modeling of the FEAD system
since it can take into account slippage atfter phenomena which would have to be manually
modeled if a simulation software like MATLAB would be used instead. The MATLAB model
was useful to tune the control system in order to achieve a well damped behavior of the FEAD
which was confirmed by BSG spe response without torsional vibrations

In the next chapter th@IMULINK model of the BSG and its control system shown on
figure 45, excluding the FEAD model, is compiled as an FMU (Functional Ngmkunit and
implemented within AVL CRUISEM M simulation environment.
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7.AVL CRUISE ™M M SYSTEM
SIMULATION

7.1. AVLCRUISE ™M M

AVL CRUISE ™ M is a multidisciplinary vehicle system simulation talat can be
usedfor powertrain concept analysis, sappstem design and virtual component integration.
also has the ability to be used for control function development in HiL (Hardmatiee-Loop)

and testbed environmen9].

Fig. 78Vehicle model in CRUISE'M featuring integrated models of different subsystems

The ability to analyzegwertrainconcepsin AVL CRUISE ™ M enablewehicle makers
to predict fuel efficiency and performance early in ttmacept phaseven when little data is
available CRUISE ™ M enables the modelling of the driveline, electric network and control
strategies, while showing their impact upon energy consumption and emissiensoftware
is veryflexiblewhich allows the designeto easilyswitch between conventional, hybrid and
electric powertrain concepf29].

The subsystem analysis IBRUISE™ M can be performed idifferent physical domains
by enabling the designer to modkeermodynaric, mechanicalchemical, flow and electrat
systems and to integrate them in the same simulation. The benefit of this is ttetaihed
design layout and optimization of numerous -systemscan be madesuch a engine gas
exchange and combusti@xhaust gas aftertreatment systeadniveline, cooling circuit, dectric

network hydraulic and pneumatic networkad H/AC systemg29].
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In vehiclesimulation orntestbed®ne of the key benefits of CRUISE M can be utilized.
That is, the models made in this software can be used as plant models on engine, powertrain
and chassis dyno testbeds. This is favorable for controller validation and component testing
[29].

In the scope of this thegise CRUISE™ M system simulation environment will be used
to integrate the induction motor and control system model from Simulink, compiled as an FMU,
into an existingnanual transmissidE vehicle architecturghat can be found in the examples
library of the CRUIE ™ M. In this way the aforementioned model of the manual transmission
ICE vehicle will betransformednto a PO hybrid vehicle.

The reason for adopting the manual transmission model, eeigh theassumption
made in chapter 5.1. requiras automatictansmission, is that the shifting points, at which the
driver model will switch gears, can be explicitly defined for the manual gearbox, effectively
having the same effect on the BSG as if a real automatic transmission were used. This decision
enabled thd?0 MEHV model to be obtained with as little modifications necessary to the
CRUISE™ M example model, thus eliminating possible errors.

Thisobtainednodel is shown on figure 78he stop/start and boosting mode of operation
will be tested on given driving cycles, firstly with the rigid coupling between the BSG and ICE
and then with the elastic coupling defined éguivalent torsional stiffness and damping

coefficients.

Faculty ofMechanicalEngineering and Naval Architecture 82



Filip Plavac ODVWHUTYTV WKHVL

Fig. 79CRUISE™ M PO hybrid vehicle model
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7.2. CRUISE ™ M PO hybrid vehicle model

7.2.1. The vehicle

Figure 79 shows the PO hybrid vehicle architecture obtained by addirgSGend
control systenSIMULINK model compiled as FMU and coupling it with the ICE rigid
through the sn @ H UDWLR WUDQVPLVYVLROveDIE to@pshéernt O tvieWAVWHP '
the main objects in the model. It contains parameter data of the vehicle, such as dimensions and
weights.The vehiclemodelneedsto somehowbe connected to the roaahd thisis dore by
implementing thevheelmodel which considers variables influencing the rolling state of the
vehicle.Iln order to brake the vehicle, the brake component is required. It is described by brake
data and dimensions aitds possible to opt between drumakes and disc brakeBhe brale

model computes th®rque considering the braking dimensions and the input brake pressure.

Fig. 80Vehicle model with brakes and wheels

7.2.2. The driveline

The driveline in this modealonsists othemapbased ICEjnduction motoiFMU, flange
which outputs the BSG torque generated by the Fiictionclutch,gearbox, belt driveand
thedifferential thatis connected to the front wheels.

The mapbasedICE smulates the basics of the internal combustion engine. It is
essentially a black box that handles maps and characteristic which it interpolates to reproduce
the physical behavior of the ICE. Being such, it can only calculate the static torque delivered at
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WKH FUDQNVKDIW DQG HVWLPDWH IXHO FRQVXPSWLRQ IURP
be considered in this simulation.

Induction motor FMU contains the BSG model and its control system&iuLINK
shown on figure 45. The FMU is essentially a function that contains an embedded model made
using a thirdparty software which enables that model to be imported into CRIN9¥ and
ran within a cosimulatiomwithout simultaneously running the thigghrty software, agpposed
to thecaseof EXCITE ™ cosimulation from chapter 6.

7KH IODQJH LV WKH HQHUJ\ 3SRXWSXW SRUW”™ RI WKH LQG>
outputs itstorque to the rest of the model. The flange is connected to the rest of the model via
the friction clutch controlled by the driver through the cockpit. The maximum torque of 350
Nm can be transferred by the clutch and it is controlled by the clutch reigasé

The gear box used in this vehicle model isgp&ednanualgear boxwith different gear
ratios. The efficiency isof each geais 0.95

The single ratio transmissioBEORFN QDPHG 3% HOW GULYH™ UHSUHVLE
approximation with only twgulleys, that of the BSG and that of the I@Eakes no elasticity
into account andhas an efficiency of 0.97n order to introduce elasticity into this crude
approximation of FEAD, an additional block will be added later on to complemesirigie

ratio transmissionthe described driveline is shown on figure 81.

Fig.81Driveline modeé
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7.2.3. Driver and cockpit

The driver of the vehicle is aystem comprised of tw®l controlles equppedwith a
shifting proceduralgorithm. These are the PI velocity controller and Pl launching controller.
This system is @lsigned to mimic the behavior of an actual drj\ard toachieve thisit uses
input data that can be categorized into three different groups, each correspondiiitgteat
type of driver behavior:

1) Data defining the driving behavior

2) Data defining the launching behavior

3) Data defining the shifting behavior

Fig.82Cockpit and driver blocks

The cockpitserves as a linkage between the driver and the vehicle. Through the cockpit
the driver receives information on desired and current vehicle velocity, which are used by the
controllers mentioned previously. The components connected to the cockpit receirghth
information considering the accelerator, clutch and brake pedal signals, coming from the driver.
In this way, the cockpit serves as a communication medium between the driver and the rest of
the vehicle.

This completes a brief description of the l@BE ™ M manual transmission ICE vehicle
model, modified with the induction motor FMU and a rigid single ratio transmission, which
together make up a simple model of a PO hybrid vehicle. Before proceeding to simulation results
with the emphasis on stopést and boosting functionalities, a quick word considering the
driving cycles to be simulated is given, along with the scheme of the control logic for start/stop

and boosting functions.
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7.2.4. Driving regimes

Two drivingregimeshave been generated for the purpose of testing start/stop and torque
boosting functions of the PO hybrid vehicle modelled in chapter 7.2.3. These regimes are
represented by the desiredhiclevelocity profile plotted against time, which serves as the
referent speed for the driver

The first regime has been designed to emphasize the response of the BSG in the boosting
mode of operation by using the step change of the desired vehicle velocity signal. This will
provoke the control system to request the maxmtorque output from the BSG in order to
accelerate the vehicle. In this regime the start/stop function is performed only once since desired
YHKLFOH YHORFLW\ SURILOH GRHVQYW UHSHDW LWVHOI L }

Fig.83Driving regime #1

The second regime has a character of a real driving cycle since the vehicle velocity profile
repeats itself. This regime provokes the boosting mode of operation several times, however this
time by means of ramp desired velocity change. The starfahction is preformed several

times since the vehicle is brought to a halt repeatedly.

Fig.84Driving regime #2
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7.2.5. Stop/start and boost control logic

The stop/start and boost control logic is implemented in CRUISE as a separate
control function block, which regulates the aforementioned operation modes of the vehicle. This
control function takes inputs from CRUISE M components, such as the codkgock (load
signal, clutch release signal) or the ntzsed engine block (ICE speed), which are then run
through the statements presermtadhe flowchartirfigure 85 in order to check if the required
conditions for starup or torque boosting of the vele by the BSG have been méte control
function block evaluates its inputs against the IF statements in figure 85 once per timestep,
which therefore makes that function a FOR loop with the number of iterations being equal to
the number of timestepstihe simulation.

The legend at the top left part of the figure@Bbvides the definition ofvery input and
every output of the control function, as welliastructions on how teead theflowchart. The
flowchart is divided into four control sections whiare connected in series with respect to one
another: 36723 67%$57 &21752/° 3.&( 6:,7&+ &21752/° 30%b6* 6.
&21752/° DQG %2267 5(48(67 &adf eddnation of those sections is

given below.

36723 67%$57 &217-3%ikches the start/stop bit (B8t ON or OFF depending on the
current conditions of the vehicle and sets the BSG referent speed, which is then proceeded to
the BSG in the FMU.

3,&( 6:,7&+ &2175 8€dtion switches the mdmsed engine torque output ON or OFF
depending on the ICEpeed and the state of the SS.

306* 63 ((' &217529éction shuts down the BSG speed control system in the FMU
DIWHU FHUWDLQ FRQGLWLRQV KDYH EHHQ PHW VR WKDW 1

driver.

3002267 5(48(67 &217F5ettioncommants the FMU to output the maximum torque

when the conditions for it have been met.
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Fig. 85 Stop/start and boost control logic irRUISE™M
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7.2.6.CRUISE ™ M simulation results

7.2.6.1. Driving regime #1 simulation results
The simulation resultsf the PO hybrid vehicle model described in the previous chapters,

for the case of desired vehicle velocity profile according to driving regime #1, are presented

figure 86.

Fig. 86 Driving regime #1 simulation results

In order to analyze the simulation results of the whole driving regime #1, shown on figure 86,
the detail views of those results are presented on the following figures, to give better insight
into stop/start and boasg functions performed. Considering thigjure 87 presentgehicle
velocity,BSG and ICE speeahdtorqueresponses in a timeframe during which stgstof the

engine occurs.
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Fig. 87 Detailed view of Driving regime #1 simulation results emphasizing stop/start function

From figure 87 can be observed that stop/start function of the BSG is working properly,
since the ICE starts outputting torque only after it has beenpun a speedf 750 rpm, which
is the speed set as the point at which the control system switches the ICE from OFF to ON, as
indicated by the control logic scheme on figure 8tice the coupling between BSG and ICE
defined by the single ratio transmission block, whlplaced there instead of the FEAD, is
rigid, there are no transient oscillations in their speed responses that would be caused by the
elasticity of the drive, which means that the ICE speed response follows without any lagging
the speed response of tB8G, with the transmission ratio naturally taken into account.

To emphasize the boosting function, figure 88 presents vehicle velocity, BSG and ICE
speed and torque responses in a timeframe during which torque boosting of the engine by the
BSG occurs.
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Fig.88Detailed view of Driving regime #1 simulation results emphaskrirggtingunction
The boosting mode of operation is cyclic for BSG, depending on the request from the driver
and other conditions described in the controldagheme from figure 8%rom figure 88 can
be observed that once the vehicle velocity grows above a certain value during acceleration, the
BSG torque starts to decrea3dis is due to the electromagneticcurrence in the BSG
dependent on its speed, iwh is directly related to the vehicle velocity since BSG is rigidly
coupled with the ICE crankshaft via the singe ratio transmission block approximating the

FEAD. This relation between BSG speed and its torque is illustrated on the upper diagram on
figure 89.

Fig.89BSG torque and speed response, along with its electromagnetic response during boosting periods
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The lower diagram on figure 89 clarifies why the BSG torque starts to decrease after a certain
speed is reached. Namely, it has to do with the equation governiagltage of the virtual g

coil, that is the torque coilof the induction machine given ohapter 4.3.4which is repeated

here:

QEAQL 4aBE . am g i (74)

3 @ 4
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After decomposing the left side of equat{@n2)the picture becomes clear:
8 @

~ a a

Qe 4 F nga&;&;gg E .05 8¢ « r L 4a|§eaE-a—@P

Yol efelolofelofedofef el ofedelofefofoF el et Ko ox el ol ef el o o of X of o o ol oF eF e o of o] o}

From the above decomposition itaserthat the torque voltage supplied has to overcome both
the EMF and the field axis influenag order to have some voltage available for generation of

the positive torque curreng, sthat is the current governing the torque response of the machine.

Since the EMF and field axis voltage influence are both functions of BSG speed, their increase

is inevitable as the vehicle gains velocifjhe control system has information about this

increase and responds by supplying higher voltage, that is, until it hits the limiMyfsiBce

this is a 48V MHEV.Due to this voltage limit, the machine torggtarts to decrease because

the venhicle is still accelerating, that is, the BSG speed is still rising. This problem is resolved

by shifting the gear when a certain BSG speed is reached, which brings its speed back down

and enables the maximum acceleratorgue to be outputted once again from the machine.

is important to note that the selection of speeds at which the gears are shifted is a compromise

between obtaining the maximum torque output of the ICE or that of the BSGe scope of

this simulaton it has been decided that the choice shifting speed will be inclined towards

obtaining the maximum torque output of the BSG since the total torque output of the system,

that is, combined output of the ICE and BSG, is greater in this case than in watlidhdoe

shifting procedure were optimized according to the speed/torque characteristic of the ICE.
Before proceeding to the next chapter, the difference in the vehicle vedoditiye total

system torqueesponse is presentéor the case ofboosting funtion being disabled The

aforementioned can be observed on figure 90.
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Fig. 90 Comparison of vehicle velocity and total torque at clutch for the cases with and without boosting

From figure 90 can be observed that the vehicle accelerates faster when the boosting function
Is enabled, thatis, when both the BSG and ICE provide toaguegposed to the case when the
ICE is accelerating the vehicle by itself, with gear shifting point being set at 2500 rpm.
However, this is a suboptimal gear shifting point for the ICE, chosen as a compromise for a
joint operation mode between ICE and BS@at is for the boosting regime. To get a better
picture of the performance of the system when it is driven by ICE alone, the gear shifting point
Is set to 4425 rpm, which is the point of ICE maximum torque. When gear shifting is tuned this
way, it is slown that the case withol€E boosting outperforms the case when the ICE is
boosted by the BS@his better performance is only in respect to vehicle acceleration, without
considering fuel economy since that is out of the scope of this thesis.

This conclu@s the analysis of thetop/start and boosting function of tBRUISE™ M
PO hybrid vehicle model from figure 79 for the case of desired velocity profile defined by
driving regime #1.. In the next chapter the performance of the same model is preseqtzid on c
desired velocity profile defined by driving regime #2, where stop/start and torque boosting is
performed multiple timeshe objective of this driving regime was to show that the start/stop
and boosting functions work robustly on multiple provoaagirom the driveras he tries to

follow the desired velocity profile.
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7.2.6.2. Driving regime #2 simulation results

Fig. 91 Driving regime #2 simulation results
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Simulation results from figure 91 show that gtart/stop and boosting systems provide stable

outputs when provoked multiple timeBhe detailed analysis of the simulation results for

GULYLQJ UHJLPH ZRQTW EH SHUIRUPHG VLQFH LW ZRXOG

chapter 7.2.6.1.

Finally, the objective of next chapter is to make the coupling between the ICE and BSG
elasticin order to capture transient oscillations that are presentin the real physical system. This
will be done in the next chapter by modifying the single ratio transnmssioently coupling

them rigidly by adding an additional element in the model.

7.3. CRUISE™ M PO hybrid vehicle model with elastic coupling between
the BSG and the ICE

The elastic coupling is introduced into the system model by adding a shaft eletoent
the driveline as shown on figure 92. The elastic behavior of the shaft element is defined by the
equivalent torsional stiffness and damping calculated from EXCMEiming Drive data as
indicated by equation®.43), (5.44), (6.1) and(6.2).

Fig. 92 Driveline model extended wiétn elastic shaft

The results of the system simulation with the driveline from figurar@hown on figure 93.
The vibrations in BSG speed are now present in the transient response during-ine reiasie

of operation. It is observable from figure 93 that the control system damps the BSG speed
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oscillations relatively fast, namely within 0.1 seconds after they start occurring. After that, the

BSG speed continues to steadily approactstagup poirt at which the torque supplied by the

BSG is cutoff. Atthat WLPH WKH ,&RIQV PWQGUDWMBUWY RXWSXWWLQJ W
to accelerate the system. Since the torque of the ICE is not governed by a control system tuned

to damp the vibrations dhe elastic accessory drive, bt the driversending torque demand
VLIJQDOV E\ 3SUHVVLQJ" WKH DFFHOHUDWLRQ SHGDO WKH \

Fig.93BSG and ICE speeds and torques during stiarperiod with the elastigitof the belt included in the

driveline model

The vehicle velocity response on a desired velqanityile according to driving regime #dan

be observed on figure 94long with the BSG and ICE torque responses indigahat the

vehicle is being boostesuccessfully when the driveline is elastic. However, if the speed
responses of the BSG and ICE are observed on figure 95, it is noticeable that the BSG speed
response is somewhat oscillatory in the boosting region and especially oscillatory after the
desred velocity of the vehicle is reachddis important to note that these oscillations occurin
simulation periods during which the control system for mitigation of FEAD vibrations designed

in chapter 5 is turned off, firstly for the sake of boosting, nvlee BSG has to output its
maximum torque and secondafter the boosting period is finished and desired velocity
reached, since there are no events that would trigger the control logic from figure 85 to turn the

control system on again.
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Fig. 94 Vehicle velocity, BSG and ICE torque responses on driving regime #1 desired velocity change, with the
driveline of the system being elastic

Fig.95BSG and ICE speed responses on driving regime #1 desired velocity change, with the driveline of the

system being elastic

These high amplitudeigh frequency BSG speed oscillations in the period after the desired
velocity of the vehicle is reachedz ¢ 6 ¢y Pat U @ occur due to the oscillations in ICE
torque which are being transferred to the BSG through the elastic shaft. The ICE torque
oscillates inthe first place because of the attempts of the driver to maintain the desired velocity
by sending high frequency loademandsignakto the ICE in order to compensate the shaft
torque.This is the equivalent of the driver pressing and releasing the gas pedal with a frequency
observed on figure 96.
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Fig. 96 Detail views of BSG speed response, driver load signal, ICE torque and shaft torque

Since this kind of compensation is impossible in reality, another strategy needs to be adopted.
The idea is to use the BSG torque to compensate for the shaft torque dunayitideafter

which the desired velocity of the vehicle is reached, that is &t@r e o do it Oln this

period the BSG supplies torque for a few seconds until the oscillations in its speed are
sufficiently damped. In another words, the BSGised as a compensator which supplies torque

equal to the shaft torque, but of opposite direction. The limitation of this compensator is the
maximum amount of torque which it can supply. The meaning of this is that the speed
oscillations will be dampeduiing a relatively longer time interval if the shaft torque is higher

than the maximum torque output of the BSG when compared to the time interval that would be
UHTXLUHG IRU WKHLU GDPSLQJ LI WKH %6 *THDBSQ §p&ledD L P L W t

respmse, along with the ICE and BSG torque responses after turning on the compensator are
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shown on figure 9AVhen the detail view of the driver load signal, ICE torque and shaft torque
responses is observer on figure 98, it can be noticed that the drivergss tries to compensate
for the shaft torque by sending high frequency load signals to the ICE, since the shaft torque

shown on the same figure is compensated by the BSG torque.

Compensation

O

Fig.97BSG speed, BSG torque and ICE torque responses with compensation of shaft torque by the BSG

Fig.98Detail view of the driverload signal, ICE torque and shaft torque responses
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To finish things off, since three different simulation environments, MATLAB, EXCITE
Timing Drive and CRUISEM M, have been used to simulate the-umof the ICE crankshaft
by the BSG, thespeed responses this runup made in the three aforementioned softveaee
plotted against one anothar Gigure 99.

Fig. 99 Speed response comparison of BSG and ICE duringpun three different simulation gimonments
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8. CONCLUSION

The goal of this thesis was to derive the mathematical model of a 48 V asynchronous belt
startergenerator suitable for vector control and to design its speed control system with the
emphasis on thenitigation of timing belt vibrations. The performance of the derived BSG
model and its control system was to be tested on micro level in EX&ITEmMing Drive, a
multi-body dynamics simulation environment specialized for powertrain analysis, and on the
macro level in CRUISE'M M, a simulation environment specialized for mudtsciplinary
system simulations.

After a brief introduction concerninghé effectsthat the everincreasinglystricter
requirements oexhaust gaemissions are having on the automobile indyshe48 V MHEV
is presented as practicalsolution for car manufacturers. It has been explained that the
utilization of the 48v architecture maximizes the total power of the MEHV without additional
costs associated with safety regulations that have to be minded when using a voltage over 60
V.

Following this, the mathematical model of a BSG, with the assumption thatsguirrel
cage machine, is derived in its naturapBase stationary coordinate system. Next, vector
control is introduced as a method that enabldgpendent control of the magnetic flux and
torque of the BSG, which in turn enables linear control methods to bearsddgous to the
case of the DC machine. Clarke and Park transformatvensused to transforrthe BSG
model from the ohase stationary coordinate systeminto the rotating orthog@Ralsystem.
After assuming the voltageource inverter is used toply the machine, further modifications
weremade to the mathematical model, finally yielding its form favorable for the application of
linear control methods.

Next, the twemass simplification of the FEAD longitudinal dynamigasderived and
its equivalat torsional formwas obtained. The synthesis of the cascade BSG speednt
control systemhas beenperformed by means otlosedloop system poleplacement
methodologyaccordingo the damping optimum criterion, yielding a system tuning favorable

for the mitigation of timing belt vibration&Simulation results from MATLAB indicated that
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this control system tuning, which takes into account the elasticity of the drive, indeed shows a
good performance when coupled with the fmass simplificationbFEAD.
In order to test the performance of the system on a more precise model of the accessory
drive, thecosimulation between MATLAB anBXCITE ™ Timing Drive has been performed,
within which the FEAD systemasin EXCITE ™ and the BSG/control systemMATLAB.
The cosimulation results have shown that the slippage phenomenon, the dynamics of which the
two-mass simplification of FEAD does not capturedha profound effect on system
performance. The slippage hinders torque transfer from BSG to ICE, whaahathat the
torque for accelerating the ICE crankshaft is builccopsiderablyslower when compared to
LWV HTXLYDOHQW LQ 0%$7/$% ZLWKLQ ZKLFK WKH VOLSSDJH
wasthat the ICE, within the EXCITEM/MATLAB cosimulation reache its nominal speed
rougHhy 0.2 seconds later than in the MATLAB simulation, yielding a total of about 0.4 seconds
run-up time to 1145 rpm.
Following this, the CRUISE™ M system simulation environment was used to integrate
the induction motor andontrol system model fro8IMULINK, compiled as an FMU, into an
ICE vehicle architecture, thus transforming itin to a POBMHwithin which the BSG and the
ICE are coupled rigidlyThe system simulatiormd two different driving regimekave indicated
tha theBSG can perform stdgtartand torque boosting functions on demand and have clearly
outlined the limitation of the 48 system when it comes to higipeed performance, along with
the need for an optimal design of the gear shifting strategy in resybet BSG speed/torque
curve.Finally, the elasticity of the FEAD was introduced into the CRUISEM model, which
yielded the results of staup part of the driving cyclsimilarto those from MATLAB and
EXICTE ™ shown previouslyThe boosting part dhe simulation showed oscillations of BSG
speed, which wereexpected considering that the boosting regime requires the control system
tuned forvibrations dampingp be turned offand instead the maximum available torque of the
BSG must be outputteli.has been shown that the compensation of the shaft torque by the BSG
Is needed for a few secondfier the vehicleeached its desired speed of 80 knm'lorder to
damp thehigh frequencyhigh amplitudescillations inBSG speed
TKH IXWXUH ZRUN DORQJ Whedis couldpdiidefRé faNdwiny ar&sY WH U TV
x Implementation ofthe generating mode of operation for the induction machine
X Modelling of the power supply with the dynamic model of the battery
x Performing the testfahe control system on a virtual testbed

X Hardwarein-the loop simulation
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