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Summary

In response to rising concerns about road transportation and its climate
impacts, the electrification of modern powertrains plays a crucial role as a key
measure to reduce pollutant and greenhouse gas emissions. Worldwide
governments areonveying their dgbrts in the run for @ustainable transportation
systemthat is required to be as much as clean and efficient as possible under
various driving conditionsHence, he so-called realworld emissionsare under
the microscope since they are measuredutside of a controlled testing
environment. In this scenario, the fast pace of innovation along with the
increasing complexity represents a new challenge for OEMs. Therefore,
development and validation of these new powertrain concepts is receiving more
and more importance.

In this regard, a research activity has been carried out in collaboration
between Politecnico di Torino a¢EV Italia, within their facilities inPiedmont
Italy. The aim of thiscollaborationi s t o provi de a d&toirtual
evaluate the performance of various electrified powertrains over a wide range of
different real driving scenarios. The proposed integrated and standardized
methodology wants to bridge the gap between testing and modelling of hybrid
electric vehiclesHEVs), reducing the testing effort in terms of time and cost. The
experimental campaign relies on a limited set of dedicated tests: standstill starts,
accelerations, constant speed driving and different type of decelerateorisd
out to collect data fothe reverse engineering of the powertrain andvédricle
simulation. Most important components characterization is based on a
customized and nemvasve powertrain instrumentation.

On the simulation side, a comprehensive 0D 4inaged model was develed
and calibrated according to tleforementionedest campaign, with particular

t



focus on theEnergy Management System (EMS) reverse engineering
simulation platform is able to simulate several hybrid architectures with high
flexibility, also in realdriving scenariosThe methodologywas applied to 3
different electrified vehicles available on the market, with increasing complexity
order, such as a 48V milybrid (MHEV) Diesel PO architecture, a @
gasoline Plugn hybrid (PHEV) architecture andR®2 DiesePHEV architecture

As a result, the virtual test rig is used to evaluate the energy split, CO
emissions anduel consumption on different driving cyclesxd Real Driving
Emissions (RDE) testallowing theuniversal vehicle modeb be adopted in the
predevelopment phase of new powertrains.
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Chapter 1

Introduction

1.1 Regulation Framework

Climate change is one of the most severely argued scientific issthes st
20 years It involves many dimensions and it is believed that transport
decarbonization could play a key role tims topic The ransporation sector
accounts for 23%f energyrelated CQ emissions; which has led tocreasing
policy pressure, especially foapsager carqd1]. Currently, one billion cars are
driven on the road worldwide, frequently powered by an Internal Combustion
Engine (ICE)[2]. By 2050, the urban passenger transperhdndcould grow 60
70%, causing a 26% increase in £€nissions[3]. The fact that transpositill
heavily relies on fossil fuels has pushed the European Union (EU) to foster
relevant policies and incentive schemes for the transition to electbdity [4].
In 2015, he European @mmission(EC) adopted the Energy Union Package
(COM(2015)80),indirectly imposinga certain electrificatiorlegreeof car fleet
and other means of transpfs]. For 2030,new CQ targetsfrom the ECwould
requireOriginal Equipment Manufacture(©EMSs)to decrease average emissions
by 37.5%from 2021 levelg6]. Moreover,the EU requires 15%f all sales to be
eitherplugrin hybrid orelectric (ess than 50g/km of Cpby 2025 and 30% by
2030 "The framework aimsot support a gradual transition from vehicles
powered by conventional engines to electric vehictbes EC statedn November
2018J7].

Over the last two decades, significant improvement have been madexin CO
reductionof passeger carsFigurel shows the history of European average.CO
values relative to targets. Since the first ,C&andards introduction in 2008,
OEMs successfully outperformed the annual reduction raték 2015, with an
average 3.5% pegreardecline.After 2015,an averagencrease of 0.3% per year
in CO; emissionshas been reported; hence, fré@bl8to 2021, afleetaverage
CO, emissionglecline of about 7.6% per year is requif@®].
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Figure 1: Historical average CO2 emission values, targets, and annual reduction rates of new
passenger cars in the European Uniof8]

On a worldwide scale too, government have introduced regulations with more
stringent emission standards, more demanding in terms of fuel consumption and
COz emission reductiofil0]. Figure2 compareshe CQ passenger car standards
of similar regulations around the globe, normalized to the NEDC test &ale.
the principal markets, a great technological efferforeseen to annually improve
fuel economy by B36%[11].
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Figure 2: Global passenger car CQemissions and fuel consumption, ermalized to NEDC[12]

As a result, a cleaner and more efficient transport sector is necgs¥aty).
Thus, themajorchallengéeor the ICEbasedautomotive engineeringill focus on
maximizng engine efficiency, minimize pollutant emissions, atel/elop new
technologies able to exploit differefuels intransportation systems amdwer
generatioras well[18].



1.2 The EuropeanAutomotive Market

In this framework,OEMs have addressegabwertrain electrificationas an
enabler fora substantial emission reductidmwever,the electrification process
does not only include Battery Electric Vehicles (BEVs), but d{SB-based
vehicles such as mild hybrids (MHEVE)9], full hybrids (HEVS), and plun
hybrids (PHEVs)20i 23]. Clearly, dectrified vehiclesplay a relevant role ithe
future of automotive[24]. The recent industry of the automotive field shows a
deep plunge of Diesaharketsharein EU, from 3% in 2008 to 36% in 2018; this
is especially true after thieselgaté happened in 2013n this regard, the left
plot of Figure 3 shows the diesel share by memlistate and total EQ8 from
2001 to 2018. On the other sideettotal market share 6fEVswas3 % in 2018,
after acontinuousgrowth over the last decad€&inland, Ireland, Spain and
Swedengive the main contribution to HEV share, as depicted in the right plot of
Figure3. The left side ofigure4 reports the history of PHEVS share, as of 2012;
Sweden has shown a significant growth in safesfor BEVs, the Netherlands
have thehighest market shares shown in the right side &igure4. In 2018,
PHEVs and BEVs made up about 3 % of new sales in the EU. As a reference, a
study[25] shows that a company as BMW will need a market share of about 13 %
of PHEV and BEV to meet the 2021 ¢fargets.
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Figure 3: Passenger carsnarket share in EU, for Diesel (left) and HEV (right), until 2018[26]
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Figure 4: Passewger cars market share in EU, for PHEV (left) and BEV (right), from 2012[26]

In line with the EU increasing pressufi O E Mese transforming their
lineups as they push to launch falectric and plugn hybrid cars in the next few



years. Automakers looking for positive publicity have made bold promises to
electrify their global fleets in the midten{27] reports the Automotive News
Europe newspapgehereafter some statements bsted

1 By 2023, 86% of all PSA Group's models will have an electricmug-in
option;

1 By the end of 2022FCA will have launched more than 30 narzes
with electric drivetrains;

i Starting in 2019, every allew Volvo launched will hae some form of

electrification;

Renault plans to launch eigl@EVsarnd 12 electrified models by 2022;

The VW Group has announcetiwill launch 25BEVs by 2020 and plans

to sell up ta3 million EVs annually by 2025;

By 2022,Ford will have 16 dedicateBEVs globally;

Also by 2022 Daimler will electrify the entire range of Mercedes gars

Every newJLR vehicle will be electrified by @20;

Onethird of all Maserati will be electrified by the mi@020s;

= =

= =4 -4 -

In this scenario, atudy from PW{28] reports that ver 95% ofthe EUnew
car sales are expected to be partially electrified in 2C8Mwventionalvehicles
sharein Europe could drop to less than 5%hile morethan40% of all new car
sales would be hybrid, gaining more and more consensus overasnikistrated
in Figureb.
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Figure 5: Developmentof drive systems (EU28 New car sales 2012030)i PWC [28]

As mentioned earlierregulation isthe main driver rather that the market
demand. Howevetegislationvary substantially acroshe globe Figure6 depicts
the automotive market mix forecast for 2020 and 2025, for various regions; by
Schaeffler. China and Europe show a similar trends, since fleet emissions are
targeted MHEV (48V) technology is expected to grow in volun@n the other
side,Japan and th&SA will seethe full hybrid(HEV) as the dominant solution,
due to the fact that the High Voltage (HV) technology is already well known and
vehicle mas$29].
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Figure 6: Volume scenarios for electrified drives in different global regiasi Schaeffler[29]

Unfortunately, evergramof savedCO; has to be evaluated in terms of costs
and time consumed. Nowadaybe general belief is that BEV will ease the
automotive struggless ridly as possible, however, the scientific community
must evaluate whether allfielectric scenario is bettéhan a combined strategy
that involvesvariety of HEVs. Also PHEVs are gaining conseng@6], since they
can travel like a BEV in Charge Depleting (CD) mode or like a full HEV, turning
the ICE on during Charge Sustaining (CS) m[&ig.

Emissions Analytic§32] has published a study based @& hybrid vehicles,
with an averagebattery of 1.2 kW ,resulting ia 30 CQ, emissiongeductionin
comparison with curredCE vehicles.Considering the EU 3%% CQ reduction
target imposed fopost2021 for passenger cars, current hybrids caatbunt for
75% of that.Fortunately further development isxpected from OEM$33] For
the 95 tested vehicled)a overall CQ reduction per unit battery size is shown in
Table 1. The nearesiequivalent ICEonly vehicleis used as term of comparison
This is a secalled Tankto-Wheel (TTW) analysis that neglects any £O
emissions related with the battery, electricity and fuel production, which is likely
to further support the HEV cas@s repoted in the tableMHEVs andHEVs
provideconsiderabljhigher CQ benefitper unit battery size compared to PHEVs
and BEVs.As demonstrated, the extremely large batteries make the BEVs have
the lowest efficiency.

Table 1: CO2 emissims reduction comparison between hybrids and BEVs froni32]

Vehicle Type  Average CQ: reduction COz2 reduction per unit

(g/km) battery size (g/km/kWh)
MHEV 25 73.9
HEV 65 50.5
PHEV 126 12.0
BEV 210 3.5




As previously mentioned, ybridization comes under different forms.
Powertrains can be classifieah the basis of the architecturgpology and
functioralities Nowadays, thedegree of hybridizationis a very weHknown
concept (micro, mild, full, and plugin hybrids, pure electri, and can be
categorizedbasedon the possibleapabilities The various architectures, such as
parallel, serial, angpoowersplit can be differentiated otne basis of the energy
flow. On top of that, if there is a sufficient amount electrical power is
sufficiert, the transmission structuressnpler, hencenore costeffective[34]. In
addition, combining dedicated transmissions with tailored designs of the
combustion engine and electricivies, can result in further benefit in terms of
consumption and emissiof5,36]

As for electrified vehicles, thparallel structuresan differ according to th
position of the electric machine, along the driveline. The top parFigtire 7
shows the possibleays of integratinghe electric motor in the powertraiAll
archtectures allows #h basicfunctions of regenerative braking and boosting, as
well as sailingwhen thelCE is decoupled However, the PO and P1 layouts
require the ICE to be linked to the crankshaft, while from the P2 onwards, energy
recoveryand pure eledt driving can be performed with the IG&f. Finally, the
P4 and PS5 architecturesfer four-wheel drive (4WD). It can be seen in the
bottom part ofFigure 7 that the combination of different voltage network and
topology results in a total of 16 optionsloreover, he complexity increases
sharplyif different transmission solutions arensidered29].

To sum up, hybrid vehicteare qite complex electranechanicachemical
systems. The adoption of high electric power, high battery energy content and
numerous topologies triggers the development of dedicated energy management
strategies (EMS) to control the power distribution, optimigeetrain efficiency
and reduce fuel consumption and pollutants emiss|8iAs38] Over the last
decades, the development of EM&s gained a lot of attention ase of thekey
research topics on HEV[39,40].
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Figure 7: Different hybrid architectures and their functionalities (top) and possible combination
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1.3 The Experimental and Numerical Approach

The previous section highlights tiaede technological portfolio that currently
characterize the automotivadustry, as a direct consequendhe powertrain
complexityis continuously increasing over tinjé1,42] Furthermorethe entire
picture gets even more sophisticatednsidering thatthe newly introduced
powertrainsubsystemsooperatesvith each otheto controlthe vehicle behavior
over numerous aspecf43]. Thus, he necessity of a reliable tool which can
support theinvestigation and the further design of electrifipdwertrairs is
needed

In this framework, the presentedsearchactivity was developed within the
FEV benchmarking and simulation teams, with the ainexdéndng the internal
knowledge and experience when dealing with all forms of electrified vehicles.
Figure 8 showthe work flow the proposed integrated approd@h.one side,hite
goal is the development ofsmart and sustainabieethodologyfor HEVs testing
and benchmarking; providing a good compromise between measurements
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integrity and degree of complexity, intrusiveness and cost of the performed testing
campaign The experimental campaign relies on a bespoken-im@sive
instrumentation effort and on a predefined testing protocol, made of a limited but
effective number of tests germed both on the road and in laborato®n the

other side, the results of the testing campaign are used to calibrate a
comprehensive HEV model, capable of simulataagwide range of hybrid
architectures and technologies alatifferent driving cyclesTo this extent, the
research project involves some of the muomtresentativeelectrified vehicles
available on the marketas described inChapter 2 indispensablefor the
developing the methodology on the experimental and thelaiimn side The
instrumentation process and the variety of tests will be accurately expl#ified.

the powertrain characterization, the gathered information are fit into the
comprehensive 0D mapased HEV model. To this extent, Chapter 3 presents the
model structure and its nma subsystems, along with the most important
mathematical equations that are used to model both the physical and the control
aspects. The model is not only capable of asseshmdg=nergy Management
System (EMS) behavior farariousarchitecturesbut alsofuel consumption and

COz emissionsFinally, the modebutput are presented @hapter 4for the three

types of vehicle: a 48V MHEV, a FHB2 Gasoline PHEV and a P2 Diesel PHEV.
Firstly, the calibration process outcomes will be presented, with a foctiseon
correct detection of the power spbty the propeestimation of the electric energy
flow and finally on thecalculationof CO; emissionsover the NEDC and WLTC
cycles To conclude, the model validation is carried outtfe two PHEVS, which
constities the more complex test cases, with the aim of assessing the model
capabilities of vehicle behavior prediction along the WLTC and the RDE cycles,
respectively.

Instrumentation/Test Planning
Based on Literature Review

Experimental Campaign
Non-intrusive instrumentation and limited number of tests

Data Analysis and Rule Extraction
Off-line post-processing

l—

Driving Cycle Simulation
Formodel calibration

Calibrated?

New Cycle Simulation
Formodel validation

Figure 8: Workflow of the presented methodology
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Chapter 2

The Integrated Methodology

Part of the work described in this Chapter was previously published in the
following publications:

1 DiPierro, G., Millo, F., Scassa, M., and Perazzo, A., "An Integrated
Methodology for OD MagBased Powertrain Modelling Applied to a
48 V Mild-Hybrid Diesel Passenger Car," SAE Technical Paper-2018
01-1659, 2018https://doi.org/10.4271/20181-1659

1 DiPierro, G., Millo, F., Tansini, A., Fontaras, G. et al., "An Integrated
Experimentabnd Numerical Methodology for Pldg Hybrid Electric
Vehicle 0D Modelling," SAE Technical Paper 26240072, 2019.

1 DiPierro, G., Millo, F., Cubito, C., Ciuffo, B. et al., "Analysis of the
Impact of the WLTP Procedure on CO2 Emissions of Passenger
Cars,” SAE Technical Paper 20931-0240, 2019,
https://doi.org/10.4271/20124-024Q

1 DiPierro, G., Millo, F., Galvagno, E., Velardocchia, M. et alA"
Reverse Engineering Method for Powertrain Parameters
Chaacterization Applied to a P2 Plig Hybrid Electric Vehicle with
Automatic Transmissign 8AE Technical Paper 2027-0021, 2020.

This chapter presenthe experimentalcampaign carried out &EV Italia
facilities on different hybrid powertrain architeaes, such as HE¥nd PHEVs,
essentiafor the development of thategrated methodologyrhe mainactivity is
the benchmarking of complex electrified vehg&cheith a standard and smart
testing procedure, which avoidsighly intrusive instrumentation and a time and
resource consuimg testing protocol

The purpose is the characterization of plogertrain components via working
maps, and the reverse engineerimigthe EMS through a limited number of
information derive from the experimentatampaign Thus the vehicles were


https://doi.org/10.4271/2018-01-1659
https://doi.org/10.4271/2019-24-0240

testedboth on theroad and in laboratory over different missions and driving
cycles according to the respective regulation requirements. The need of
characterizing the vehicle behavior is indis@dile to gather a conspicuous
amount & information which will be lateused for the calibration and validation

of thevehicle model.

2.1 HEV testing: a complexpicture

As introduced in the first chapterhda degree ofcomplexity of newly
developed automotiveystems isgrowing in terms of technological conterin
fact, if compared to the past, new powertrains hanee subsystems made of
innovative and different componentsguiring differentinputs andoutputs With
the introduction of nevoperating modeand constraintswith the propagation of
electronics and mechatronics in hybrid electric vehicles, unique design and
integration challengelsave raised, thusystem integratiohasbecome a key task
in hybrid vehicledevelopment[44].

These vehids depend on advancelgctronically controlledystems working
together across a wide range of operating conditions to ensure efficient
performanceconsumptionsafety and reliability. Increasing electrical content and
complexity coupled withhigher onboard powerrequireengineerdo continually
improve theirskills and develop a different approach within the whole powertrain
development chaif45].

Testing different HEV solutions available on the market or at concept level
could be a crucial activity in differesttuations, such as components development
and calibration or in a merely benchmarking jab.far as testing complex hybrid
electric vehicles is concerned, it becongestralto understandhow subsystems
are composed and how the interaction between therks. Therefore literature
review and data gathering has to be done in order to proceed to vehicle
investigation. Afterwardspowertrain instrumentation and test schedularg
carried out

Considering that ybrid electric vehicles combine components from the
traditional internal combustion engine powertrain with electronic drivepaits,
such as electric motggeneratas, one or morebattery pack and various
controllers and sensgmngineers now have to deaith a larger portfolio of data
output [46]. Hence,this activity aimsat fully exploiting the usefulness of an
experimental campaigrat vehicle and component level, on the expertaleand
the simulation sideVehicle testing establishes a milestone in the proposed
methodology and can be used in different ways, as listed péiw

1 Investigate power generation and its split for motor drives and controls,
regenerative braking, boosting, battery charging, etc. Analyze different
aspects, such as thermal, electrical, magnetiic,

1 Evaluate HEV configuration tradeoffs (parallel, serial, or complex)
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1 Design, test, and verify EMS in terms of control strategies, power
management, torque/speed coupling, and vehicle dynamics

1 Extract rules implemented in the Hybrid Control Unit

1 Acquire CO; and fuel consumptionalues throughout reaborld driving
missions

1 Verify pollutants emissionémits such as N@Q CO, THC and PM/PN

1 Create the base for vehicle modelling via experimentifyned operating
maps

1 Analyze and size HEV andBEV powertrains and components (motors,
batteryand controllers

1 Analyzethe impact otomplexand innovative power electronics systems

1 Optimizing the power systems in HEWS increases fuel economy and
reduces emissions, while sfilllfilling the drivability requirements

2.2 Case study

The development of the experimental methodology and the validation of the
simulation platform are based on the test activities carried out on three different
hybrid passenger cars with different level of hybridization and powrrtra
configuration. Since the purpose is to validateethodology applicable to both
HEVs and PHEVSs, three different vehicles have been investigated, later addressed
with anumber for confidential reasons:

1 a 48 V MildHybrid (MHEV) PO Diesel car, Euro 6 caqtiant,
equipped with a six speed Manual TransmissioiM{g, hereafter
referred to as Vehicle; 1

1 a POP2 architecture gasoline Phmy HEV, Euro 6 compliant,
equipped with a six speed Dt@lutch Transmission (®CT),
hereafter referred to as Vehicle 2;

1 a P2 architecture Diesel Pkig HEV, Euro 6 compliant, equipped
with a nine speed Automatic TransmissiorA(B), hereafter referred
to as Vehicle 3;

For the sake of completeness, it is worth to mention that vehicles are listed
and tested in an increasedhgaexity order. The author believ¢his is the best
way to test and develop the proposed methodology, since it was created from the
scratch and the whole process was a wifrogress activity.

2.2.1 Vehicle 1Test Case

The first vehicle selected as a casadyis a 48V MildHybrid PO Diesel car
(MPV 1 Multi Purpose Vehicle)n which themain orboard energy source is the
ICE. The engine is connected via a pulley to #lectric motor/generator
(hereafter referred to as BSG, i.e. Belt Starter Generaid® main vehicle
characteristics are listed Trable2. Thisvehiclerelies ona 1.5 liter Compression
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Ignition (CI) engine, coupled with a six speed Manual Transmis§diT(). The
PO configuration (see alsbBigure 60 for parallel hybrid powertrain topology
nomenclature)is made up of 43kW electric motor/generator linke the ICE
by means of a pulley: thieansmission ratias equal to3:1. A schematic of the
powertrain layout isdepictedin Figure 9: for this type of configurationthe
AC/DC converter is axially integrated into the electric machinbereas the
DC/DC converter isocatedbetween the higlroltage and lowvoltage side.

Figure 9: Vehicle 1- Powertrain Layout

According to the power demanded by the driver and the driving conditions,
the can workn two different hybrid modes:

1. Electric Assistmode: the BSGvorksas a motor for torque asswith
the ICE turned on Therefore the 48V battery is dischargethough
supplying the 12V loadat the same time

2. Energy Recuperationmode: the BSGvorksas a generata@bsorbing
the ICEtorqueor when the ICE is offluring deceleration and braking,
supplyingsimultaneouslythe 48V battery and the 12V loads.

To this regard, the driver has the only possibility to select@aad | ed A ECO
modeo, which is enabled to be | ess fuel
drivability. The influence of this modewill also be investigated even thoughit

cannot be defineds a driving modeMoreover the tested48V MHEV is not

capable of pure electric drivingherefore, he energy management system (EMS)

is responsible for switchingetween Electric Assists and EnerBgcuperation

based on the driving conditions andtbe battery eargycontent
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Table 2: Vehicle 1- Vehicle and powertrain main specifications

Technical Data
Vehicle Curb weight:1615kg

Configuration: Front Wheel Drive

ICE In-line 4 cyl. Turbocharged Diesel
Displacement: #4611
Rated power: 81 kW @ @0 rpm
Rated torque260Nm @ 1750rpm

Gearbox: 6 MT

BSG Type: Asynchronous 48V
Max Power/Torque: 13 kW/50 Nm
Belt Transmission Ratio: 3.0:1

Max Speed: 1800fpm

Battery Type: LithiumTitanate Oxide
Capacity: 0.15kWh 3.12 Ah
Nominal voltage: 48 V

Cooling System: Air Cooled

2.2.2 Vehicle 2Test Case

The second vehicle selected as a case study@P2 gasoline lpg-In Hybrid
Electric Vehicle (PHEV)classified as a Segment carThe powertrain layout is
classifiedas POP2 (sed-igure60) andit is composed of Blaturally Aspirated

(NA) Atkinson 1.6 lier SI engne, coupled with a six speed D«@lutch
Transmission (@®CT). ThePO0 electric motor/generator (hereafter referred to as
HSG, i.e. Hybrid Starter Generatas)inked via a pulley to thénternal

combustion engind_ater on the drivelinea mechanical ckehis adopted to
decouple the ICE frorthe drive electric motor (hereaftesferred to as EM),

which arecoaxiallyplaced befor¢he transmissionThe main vehicle
characteristics aredted inTable3. Depending orsome conditions such as
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vehicle speed, power demand and battery S®&powertrain can operate in two
main modes:

1. Electric Mode (EV): the HV batteryenergyis used fortraction through
the electric motoonly, as depicted ifrigurel10;

Figure 10: Vehicle 2 EV Mode

2. Hybrid Mode (HEV) : the ICE is turned on ihigher powelis requested
and beyondh specific vehicle speed thresholthus thevehicle can work
in two differentmodesaccording to thdattery SOC and accelerator pedal
position:

a. Load Point Shift/Torque Assist the ICEis supposed to work
closer to the optimal efficiency area by shiftiitg load operating
points Hence when lowpoweris demandedtheextralCE power
serves for battery recharging the HSG and/or the electric motor
(path A); on theother sidethe EM and/or the HSG aemabled to
increase the ICE torque (path B) in caséigher power demand
from the driver.The two different paths are shown kigure 11
(left);

b. Series Hybrid: The ICE turns into geerator and is not
mechanically connected to the wheels. It operates almost at
constant load and is used to fedm HV battery via the HSG,
while the EM propels the vehicisshownin Figurell (right).

Figure 11: Vehicle 2 Load Point Shift/Torque Assist (left) and Series, HEV Mode
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