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Abstract

The shift towards electric transportation on a global scale is being primarily
driven by regulatory requirements and market demand. The impact of the €EOVID
19 pandemic on air pollution, energy demand, and @@®issions has further
accelerated this transition. This transformation necessitates the development of
efficient electric propulsion systems, particularly for commercial vehicles. These
systems not only have a positive environmental impact but also ajféfiant
financial advantages to fleet owners due to lower overall costs.

One of the major challenges in this transition is the design and calibration of
regenerative braking strategies, especially for commercial vehicles that exhibit
significant variations in weight. This weight difference between curb and gross
vehicle weightis a common scenario in the commercial vehicle sector. This thesis
introduces the Adaptive Offeedal Drive (AOPD) strategy, which is specifically
tailored for electric commercial vehicles with varying weight profiles and lacking
advanced drivby-wire br&king systems.

The thesis focuses on the development and accurate assessment of a model
centric approach for electrified propulsion systems. This approach establishes a
strong correlation between the model and physical data, demonstrating its reliability
in estimating dtical variables such as battery stafecharge, battery terminal
voltage, system highioltage DC, and wheel torque, even under diverse driving

conditions. This modatentric approach serves as a valuable tool for optimizing
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design and conducting tradeoff analyses, enabling efficient evaluation of energy
efficiency and drivability.

Selecting the most suitable electrified propulsion system architecture is a
crucial decision. The thesis categorizes electrified propulsion system architectures
based on their impact on vehicle performance, energy consumption, and total cost
of ownershipThis selection process involves a multidisciplinary approach that takes
into account both technical and business requirements.

The central research focus of this thesis centers on regenerative braking
systems. It compares series and parallel configurations, traditiongleda&drive
(OPD), and introduces an innovative Adaptive ®m=elal Drive (AOPD). The A
OPD relies on vehicleunning mass identification using the Recursive Least Square
Filter (RLS) and weight classification. This@PD strategy significantly enhances
energy efficiency in urban traffic scenarios, even when vehicles are partially loaded.
It outperforms parallelegenerative braking systems by up to 50% while maintaining
performance levels similar to the series regenerative braking strategy. This
innovation represents a significant leap in energy efficiency for electric commercial
vehicles without the need for cqhex electronic braking systems.

In summary, this thesis advances our understanding of optimizing the
performance of electric commercial vehicles. ThRORD strategy proves to be a
practical and valuable tool for enhancing energy efficiency, particularly in dense
urban traffic and itoutperforms parallel regenerative braking systems. Utilizing

modetin-theloop and driveiin-theloop simulations, this thesis offers a



comprehensive framework for designing efficient electrified propulsion system

architectures.
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PWM
RB
REEV
RLS
RMSE
ROI
RWD
SARS
SHEV
SiC
SI-EVT
SiL
SMA
SOC
SRM
SS
TA
TCO
US06
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WLTP
WWII

Pulse Width Modulation
Regenerative Braking
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Recursive Least Square

Root Mean Square Error

Return on Investment

Rear wheel drive

Severe Acute Respiratory Syndrome
Series Hybrid Electric Vehicle
Silicon Carbde

singleinput electroniovariable transaxle
Softwarein-the-Loop

Single Motor Architectures
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Total Cost of Ownership

United States 06

United States of America

World Health Organization
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World War Two

Xii



Content

Abstract...iv
ACKNOWIEAGEMENL ...t eeer e e e e e e e e e e e Vii
NOMENCIATUIE......coiiiiiiieee e eeeenees IX
Chapter LINtrodUCtioN...........ccooiiiiiiiiiieeee e 36
1.1 Background and MOEIVALION..............uuuuiiiiiiiiieeeiiiiieieieeeee e e e e eaa 36
1.2 Problem Statement...........ccueviiiiiiiieme e 39
1.3 TRESIS SCOPE....uueeeiiiiiiiiiiiiee ettt 40
1.4 Research ContribDULIONS.........ccuiiiiiiiiriiiieenree e eenre e 41
1.5 ThesSiS OULING......cccciiiiiiiiiiiee e A3
Chapter 2.Transportation System Electrificatian.................cccccevveeeee... 46
2.1 Emissions and Air Pollution as a Pandemic...............ccccooovveceeenen. 50
2.11 Air Pollution and Health...............ccooiiiiiiiecc 50
2.1.2 Economic Implications of Air Pollution and Climate Changé&2

2.2 Pollution Reduction Learnings from the COVI® Pandemic Lockdown

53
2.3 Building a Greener FULULE..........ccooviiiiiiiiiieeee e 61
2.4 SUMIMABIY...uuiiiiiiiii et e e e e et eeeeeesa s e e e e eesnnneaeeeeennnnn] 67

Xiii



Chapter 3.Electrified Automotive Propulsion System............ccceeeeevvevieeennn. 69

3.1 Vehicle Propulsion Subsystems............ccceeeeviiiiieeeii e, 72
3.1.1 Power Unit SUbSyStem............ooooviiiiiiiiceei e, 74
3.1.1.1 Internal Combustion ENQINE.........cccooveiiiieiiiiieeeiciie e, 75
3.1.1.2 Electric Machines...........cooomiiiiiiiiiieee e 76
3.1.1.3 Power Inverter Module (PIM).........ccooooiiiiiiiiiiiie e 78
3.1.1.4 Bo0OSter (DC/DC)ccuuuiiiiiiiiiiiiieeeeeeiemmeei e e e e e memeeaees 79
3.1.2 Driveline SUDSYStemML.........cccuiiiiiiiiiiiieeee e 80
3.1.2.1  TranSMISSION....cciieiiiiiiiiiieeeeaee ettt smmme e 80
3.1.2.2  ClULCN et 83
3.1.2.3 TOrque CONVEIEL.......uiiiiiieeeeeiie e eiemmeis e e et e e seeneeees 84
3.1.2.4 Differential.........viiiiiiiiii e 84
3.1.3 Energy SUDSYSteM.........cccooiiiiiiiiieeee e 84
3. 1.3 1 BaAeIY oo 85
3.1.3.2 Auxiliary Power Module (APM)........cccoiiiiiiiieeiiiiieeeecceee e 38
3.1.3.3 On-board Charger Module..............oeeeiiiiiiiiieeniiiiiiiieeieeeee 88
3.14 Thermal Management Subsystem................ccciceeveennnns 38
3.2 Classifications of Electrified Propulsion System................cccvvvveeee. 89
3.2.1 Electrification DEQIee..........uuuuiiiiiii et e e 389

Xiv



3.2.1.1 Plugrin Capability.......ccooeeeeeeeeiieeeee e 89

3.2.1.2 Hybridization FACtOL........cccovvieeeeeeiiieiieeeee e e 89
3.2.2 System Operational Modes............ccooeviviiiiiccciiiie e, 91
3.2.2.1 Primary Operational MOdesS...........ccccceveiiiiiiscceciiceee e 91
3.2.2.2 Secondary Operational Modes..............ccoevvvviiieceiiiieeeeeennnnn, 92
3.2.2.2.1 OnePedalDriving .........ccoccuuiiiiiiiiiiiieeeiiieeeee e 93
3.2.2.2.2 POWET SPIit. ..o 93
3.2.2.2.3 E-SMOOLNING....cciiiiiiiiiiiiiieeee e 93
3.2.2.2.4 Cold Cranking...........cceeeeeiieee e e eceeeiiiiiiee e eeee e 93
3.2.2.2.5 E-Co0asting Or €5ailiNg..........cuuurriiiiiiiiiiiiieeniieiiieeeeeeeeeeeen 93
3.2.2.2.6 Advanced StaFStop......ccoeeveiiieeiiiiiiiiiiieeee e 94
3.2.2.2.7 E-launch.......ooooiii e 94
3.2.2.2.8 ZEV MOGE.........cooiiiiiiiiiiieees s 94
3.2.2.2.9 E-CrEEPING .. uuuuuuuririiiiieiiiiieeeeeeeieieeeeeeeee et e e e e e e e e e e s ammeeeaeeeeas 94
3.2.2.2.10 E-BOOSK... .ot 94
3.2.2.2.11 E-BUMING....iiiiiiiiiiiiiiiiiiiieee et 94
3.2.2.2.12 TOrque VECIONNG.....uuueieeieeeeeeeeeeeeiieeeseeeeeeeeeaeeeeeesesannnnnes 95
3.2.3 Types of Electrified Propulsion Systems.................ooooiieee 97
3.2.3.1 Micro-Hybrid Electric Vehicles (MHEV).............ccoovviiiiiiines 98

XV



3.2.3.2 Mild Hybrid Electric Vehicles (MHEV)..........cccccoiiiiiiiniiiieees 99
3.2.3.3 Full Hybrid Electric Vehicles (HEV).......ccccoovviiiiiiiiiiiieeee, 99
3.2.3.4 Plugin Hybrid Electric Vehicles (PHEV)............c..ccovvunnnnn.. 100
3.2.3.5 Range Extender Electric Vehicle (REEV).........cccccceeeernn... 100
3.2.3.6 Pure Electric Vehicle (PEV)......c.coooiiiiiiiiiiieciiee e, 100
3.3 Electrified Propulsion System Architectures..............ccccvvvvieennnnee 101
3.3.1 Hybrid Propulsion System Operation.............ccccceeeeeveeennn. 102
3.3. 1.1 Series HyDrid... ..o 102
3.3.1.2 Parallel Hybrid............ooooiiiieeee e 102
3.3.1.3 SeriesParallel Hybrid.............coooiiiiiiiee 103
3.3.2 Single Electric Machine ArchitectureSMA........................ 103
3.3.2.1 PoOSItioN PLf OF PO..coooiiiiiieieeeeeeeee e 104
3.3.2.2 POSItION PL OF PLE..iiiiiiiiiiceee e 105
3.3.2.3  POSItION P2ttt 106
3.3.2.4 POSItION P3. ..o 107
3.3.2.5 POSIION P4 .o 108
3.3.2.6 Operational Modes and Electrification Degree for SMA....109
3.3.3 Multi Electric Machine ArchitecturesMMA .................c... 111
3.3.3.1 MMA Architectures EM POSItiONS............cccevveeeiiiimencinneenn. 112

XVi



3.3.3.1.1 MMA Architectures derived from PO.........coveeeieiiiiiiens 112

3.3.3.1.2 MMA Architectures derived from PL............cccovvvveieiiieee 114
3.3.3.1.3 MMA Architectures derived from P2.............cc.cccoeeeieee 115
3.3.3.2 MMA Architectures EM POSItiONS............ccvevveeeiiiieeeninnenee. 116
3.34 Advanced System ArchiteCtures.........ccccoeeveevvivvicmceennnnnnnn. 118
3.4 Propulsion System Architecture Selectian.............ccccceeeivieeeevnnnns 120
G I8 ST 1 11 4 F= Y 2P 126
Chapter 4.Electric Vehicle Modelling.............cooooiiiiiimmen i 127
4.1 ModelBased Design ENgineering............coooeevvvviviemmeeeeeeeeevnnnnnnnns 130
41.1 ModelBased Design Engineering...........cccccoovvvviviccceeeeenn. 130
4.1.2 System Simulation Models.........cccccoeeeiiiiiiieeei 134
4.1.3 Plant MOdEIS.............uuuiiiiiiiiiiiceeiii e 136
4.2 MOAEIIING.....coiiieeeeeee e e e e e e aeee s s e e e e e e e e e e e e eeeaaanns 137
421 Plant Model..........oooooiiie e 138
4.2.2 Propulsion SysStem..........cccooviiiiiiiiieeee e 140
4.2.2.1 Driveline.....oooo e 141
4.2.2.2 Electric Machine..........cccooiiiiiiiiiice e 141
4.2.2.3 High Voltage and Low Voltage Battery............ccccccevvvvernne. 142
4.2.2.4 Auxiliary Power Module..............cooovvviiiiiiieemrieeeeeeeeis 142



4.3 MOl COMTEIALION. .. ... et 143

S T U1 0] 1 0 F= Y S UUPTPTT 154
Chapter 5.Electric Vehicle Architecture Design............cccccvveiieiiieeeeeeeeennen. 156
5.1 Study Case ArChiteCtUIES........uuuiiieeeeee e e e ceeeceie e e e e eeaeeeees 159
51.1 ANCNITECIUIES ... 161
5.2 MOAEIING....ciiiiiiiiiiii e 163
5.2.1 PropulSion SYSteml.........coouuiiiiiiiiiiieemcee e eeeea 164
5.2.2 DIIVEIINE. ... 164
5.2.3 Electric Machine...........ccuveiiiiiiieee e 166
524 High Voltage and Low Voltage Battery.............ccooeevviieee 166
5.3 Architecture ASSESSMENL...........euviiieiiiiiieeeiiie e eeeeaas 167
5.4 Financial ASSESSMENL.......cccviiiiiiiieiiiiiearie e 173
54.1 Cost of Acquisition Model..........cccooveieieiiiiiiieeeieeeeee 173
5.4.2 Total Cost of OWNErShip........covvviiiiiiiiiiiic, 174
5.4.3 Financial AnalysSis..........coooeeiiiiiiiiiiieeee e 176
5.4.3.1 Internal Rate of REUIML..........uviiiiiiiiiiiiiieee e 177
5.4.3.2 Return on INVESIMENL..........oovvviiiiiiiiiiimmreceerr 177
5.4.3.3 PaAy BACK........uuuuiiiiiiiiiiiiiii e 178
54.4 Financial ASSESSMENL..........ccuuviiiiiiiiieeeieee e 179



5.5 SUMMAIY. ...t e e e eeees 180

Chapter 6.Regenerative Braking Efficiency and Driveability.................... 182
6.1 Regenerative Braking Strategies.........ccoeveivieviviiceciiiie e 187
6.1.1 Target Brake Pedal Curves...........cccovvvvvvvviieemeeieeeeeeiiiies 188
6.1.2 Series Regenerative Braking Strategy...........cccceeeeeeeieeenn. 190
6.1.3 Parallel Regenerative Braking Strategy...........cccoeevvviiieee 191

6.2 SHUAY CaASE....ciiiiiiiii i ceeer e 194
6.2.1 VENICIE...coiiiiiiii 194
6.2.2 MOENlING ....coeeeieieee e e 194
6.2.3 Driver-in-the-Loop (DiL) .......uvvviiiiiiiiiiiiieeeeeeeeee 196

6.3 Results and ANAlYSIS..........uuiiiiiiiii e 197
6.3.1 Energy EffiCIENCY......oooiiiiiiiiiiieee e 197
6.3.2 Drivability ........cooiiiiiiieee e 204

6.4 SUMMAIY.....iiiiiiiiiiiiiiiiea et e e e e e e e et e enees s e e e e e e e e e eeeeeennnnnnnes 209
Chapter 7.Adaptative OnéPedalDrive Regenerative Braking.................... 211
7.1 Electric Vehicle CONtrOIS..........eeiiiiiiiiiiiiii e 215
7.1.1 Drive-by-wire accelerator pedal.................viiiiceveinnnnnnn, 220
7.1.1.1 Pedal Position Calculation..............ccc.uuvermiimmmniiiiiiiiiiieeee 222
7.1.1.2 Normalized Pedal Map Calculation...............ccccceeeiviaemnnnnns 223

XiX



7.1.1.3 E-Machine Torque Request Calculation.................cccccneee 224

7.2 ONEPedalDIiVe ........ooeeiiieiii e 227
7.2.1 Acceleration and Coasting..........ccooeeevviiiiiiiccciiie e, 234
7.2.2 2T 7= 1] o SR 235

7.3 Adaptative OndPedalDrove (AOPD)........cccooevviiiiiiiiiieiiieeee e, 238
7.3.1 Weight [dentifiCcation.............cccoiiiiiiiiieece e 243
7.3.2 A-OPD Approach........cccooooiiiiiiicei s 246

7.4 A-OPD ApPlCation.........coooiiiiiiiiiteeee e 249

S TS 10 11410 1= U U 267

Chapter 8.Conclusion and Future WOork.............cccccumiiiimmmnnnniiiiiiieieee 270
8.1 Summary and CONCIUSIONS........ccoeeeiiiieeeeiiiieeeicee e eeeeeaaees 270
8.2 Recommendation for Future Wark..............ccevviiiiieeeiiiiiiiiiieee, 274

APPENAIX A ..t e e e eeeer e e e e e e e e e e et e aeeer e e e e e e e aaeeaeraa i ———————— 276

Reference809

XX



Li st of Figures

Figure 2.1 Contribution to Temporary Co2 Emission Reduction During the
COVID-19 "Great LOCKAOWN".........ooiiiiiiiiiiiiie e 58
Figure 2.2: Percentage decrease in CO2 emissions comparing the same period of
P20 e =T o B2 0 12 PSS 59
Figure 2.3: Average concentration of Particulate Matter 2.5 duringwaeR
JOCKOAOWN ...t emmme e 60
Figure 2.4: Carbon Intensity of the Global Economy since the '90s.[Z6]....63
Figure 2.5: Energy Sources mix since 1971 [58].........cccccvvvvviiiieeneeeeeeeeee, 64
Figure 3.1: An electrified powertrain subsystem configuration example.....73
Figure 3.2: Propulsion System Breakdown Structure............cccceeevvvieeeneennn. 74
Figure 3.3: Common schematic types of different electric motor architectures [115]
.................................................................................................................... 78
Figure 3.4. An example of typical driveline subsystem components.......... 83

Figure 3.5: Electrified Propulsion System Single Machine ArchitectuRed or

Figure 3.7: Electrified Propulsion System Single Machine Architectup@s 107
Figure 3.8: Electrified Propulsion System Single Machine Architectup&s 108

Figure 3.9: Electrified Propulsion System Single Machine Architecturds 109

XXi



Figure 3.10: POP4 MMA ArChiteCtUIL........uuueiiieei e 112

Figure 3.11: POP2 MMA ArChiteCtUL..........uvveriiiiee e 113
Figure 3.12: POP3 MMA ArChiteCtUI .. ......uuuiiiiiiiiiieeeeeeeiiiieeeeeeeeee e 113
Figure 3.13: P1P2 MMA ArChiteCtUr@.........ccvvviiieiiiiiimiie e 114
Figure 3.14: P1P3 MMA ArChiteCtUL...........vvveiiiiiie e 114
Figure 3.15: P1P4 MMAAICHItECIUrE..........uuiiiiiiiiiiiieeee e 115
Figure 3.16: P1P4 MMA ArChiteCtUr@.........cccvviiiiiiiiiicrice e eeeans 115
Figure 3.17: PAP4 MMA ArChiteCtUL..........vviveiiiie e 116
Figure 3.18. Advanced electrified propulsion architectures...................... 119
Figure 3.19: Electrified Propulsion Architecture selection process........... 121

Figure 4.1: Propulsion System and the Subsystems interconnections....128

Figure 4.2: Simplified system development approach applied to propulsion system

[0 =3V 71 (o] o] 0= o | FE PSSP 132
Figure 4.3: Backwards model simulation flow concept.............ccccceeeerune. 134
Figure 4.4: Backwards model physical propagation...............cccceeveeeeennnnn. 135
Figure 4.5: Forward model simulation flow concept...........ccccoeeveiiiiceennnns 135
Figure 4.6: Forward model physical propagatian...........cccccceeeviiieaneeneenn. 136
Figure 4.7: Ondimensional propulsion system modelling........................ 137
Figure 4.8: Layout of the ordimensional simulation model....................... 138

Figure 4.9: Single motor with a singépeed gearbox electric vehiaechitecture.

XXii



Figure 4.10: Boxplot analysis for battery terminal voltage, battery SOC, DC
current, wheel tangential force, and vehicle speed............ccccoooviiieeennnnnns 147
Figure 4.11: Boxplot analysis excluding the DC current from the date set. Battery
terminal voltage, battery SOC, wheel tangential force, and vehicle speed48
Figure 4.12: Model CorrelationAcceleration maneuver-80-0 mph, 6% slope
battery state of charge............oooiiii e 149
Figure 4.13: Model CorrelationAcceleration maneuver-80-0 mph, 6% Slope

HV Battery DC CUIMENL.... .o e e 150
Figure 4.14: Model CorrelationAcceleration maneuver-80-0 mph, 6% Slope
battery terminal VOItage..............uuuiiiiii i eeeen e 150

Figure 4.15: Model Correlation Passing Maneuver: 6% slopédattery state of

Figure 4.17: Model CorrelationPassing Maneuver: 6% Slop8attery Terminal
LY 0] 1 (=T o = U 152

Figure 4.18: Model Correlation65mph deplete +US06 ph 3+dattery state of

Figure 4.19: Model Correlation 65mph deplete +US06 ph 3+4battery DC
L1 U1 (=T o | SR RTTRPPPPPPT 153
Figure 4.20: Model Correlation65mph deplete +US06 ph 3+8attery Terminal

[V /0] 1 = To [T PP PP P PP PP PUPPPRRR 153



Figure 5.1: Base Internal Combustion Engine (ICE) Vehicle Propulsion System
ATCNITECTUN ...ttt eeeene 160
Figure 5.2: Differential maximum input torque calculated from the base ICE
VERNICIE.... e e e e 161

Figure 5.3: Single motor with a single speed gearbox electric vehicle architecture.

.................................................................................................................. 162
Figure 5.6: Single motor directly connected to the propulsion shaft........ 163
Figure 5.7: Electric machine efficiency map in per unit (p.u.) system......166

Figure 5.8: Architecture 1 Electric machine operation on FTP75 and highway

Figure 5.12: SOC variation comparison for different architectures on FTP75 and

Highway driVing CYCIES... ...ttt 172



Figure 5.13: Vehicle MRSP for different architectures to meet the same functional
OB ECHIVES . ..ttt ——— 174

Figure 5.14: Total variable annual cost of ownership as a function of propulsion

system architecture and enemPBt............oeiiiiiiiiiii i ccee e 176
Figure 5.15: Electric vehicle with architecture @peration Cash flow......... 178
Figure 6.1:Regenerative braking strategies OVervieW...........cccccevveeeeeeeeee. 184

Figure 6.2: Theoretical brake pedal deceleration curves as a function of pedal travel
for different vehicle appliCationS...........oovvvvviiiiiiiiie e e 189

Figure 6.3: Target brake pedal curve developed for adightmercial vehicle with
A540KG GV W ...ttt ettt e e e e e e e e e rmmme e e e e e e e e e e e s e s s enneas 190

Figure 6.4: Serie regenerative braking strategy to maximize energy recovery for
accelerations UP 0 0.3.0....ccovuiiiiiiiiiiii e 191

Figure 6.5: Parallel regenerative braking strategy to maximize erexgyery for
accelerations up to 0.3 g with a compromise to the brake feel the perforfrihce.
Figure 6.6: Parallel regenerative braking strategy brake pedal curve compared with
the target and theoretical brake pedal CUurves............ccovvvvvvieeevieeeiiininns 193

Figure 6.7: 1D model architecture used to simulate a Front Wheel Drive (FWD)
electric vehicle with different regenerative braking strategies.................. 195

Figure 6.8: 1D model system interaction propagation...............cccceeveeeenn. 195

Figure 6.9: The MARCdrive simulator, located at McMaster Automotive Resource

Centre (MARC), in Hamilton, Canada..............cccceeeiiiiiccciiiiiicee e 196

XXV



Figure 6.10: High voltage battery statbcharge for all simulated cases on the
LAO92 driVING CYCIE.... oot e e e e e e e e 201

Figure 6.11: High voltage battery statkecharge for all simulated cases on the

USOG driVING CYCIE. .ttt e e e e eeeeeennnaes 201
Figure 6.12: NY city cycle regenerative braking energy balance.............. 203
Figure 6.13: USO6 cycle regenerative braking energy............ccooeevieeennn. 203
Figure 6.14: Braking Maneuver at a 10% brake pedal.............cc.cccoeeneee. 206
Figure 6.15: Braking Maneuver at a 2@f¥ake pedal.............ccccceeeeiiiiirennee. 207
Figure 6.16: Braking Maneuver at a 30% brake pedal...................cceec.. 207

Figure 6.17: Jerk while pressing the brake pedal for four vehicle configurations and

seven different pedal POSITIONS...........ccocuuiiiiiiiiien e 209
Figure 7.1: Vehicle controls architecture layout...........cccccceeeeivieeeeeveennnnnn. 217
Figure 7.2: Propulsion system controller malagout.................cooevvvvvivnieeee. 218
Figure 7.3: Torque Management Function maegmut..................eeevvereeennn. 218

Figure 7.4: Propulsion System Domain Controller Interoperability with Propulsion
Subsystems CONtrOllELS.......ccoiiiiiee e 220
Figure 7.5: Torque command chain...............ccoooiiimmmnn e 221
Figure 7.6: Torqgue command calculation chain using drixavire accelerator
PEAAL ...t ———————————————_ 222
Figure 7.7: Accelerator pedal sensor signal................coovviiicceiiieiieeiiiinnns 223
Figure 7.8: Normalized Accelerator Pedal Map for Different Driving Mad224

Figure 7.9: Aggressive/Sport pedal torque map.........cccooveeeeviiiceeeeeeeeeenne 225

XXVi



Figure 7.10: Eco mode pedal torg map.........coovveeeeirvmmimmmneieeeeeeeiieiiinn 226

Figure 7.11: Linear pedal torque Map.........cccceeeeeeeeeeeceemiiiieeeeeeeeeeeeaeeeeen 226
Figure 7.12: Parallel regenerative braking power flow..............cccuvvvvieennn. 229
Figure 7.13: Ongedaldrive regenerative braking power flaw................... 229

Figure 7.14: Conventional parallel regenerative braking-fuadrant pedal map.

Figure 7.15: Fouguadrant pedal map with OPD and conventional parallel
regenerative braking arChiteCture.............ooooeeiiiiiieeei e 230

Figure 7.16: Torque commarwhlculation chain using driviey-wire accelerator

pedal with OPD driving mode classification...............cccceevvvvieeeiiieee e, 233
Figure 7.17: OPD Normalized Pedal Maficceleration Zone..................... 234
Figure 7.18: OPD Normalized Pedal Torque M#xceleration Zone........... 235
Figure 7.19: OPD Brake Regeiorque Limit Map..........ccccoevvvvvvvrvvrviennenn.. 236
Figure 7.20: OPD Pedal Map.........coooiiiiiiiiiicee e 237
Figure 7.21: OPD Brake Regen Torque Map..........ccoevvvviiieiieeeieeeeeniinnnn, 238

Figure 7.22: Braking acceleration map with OPD at curb weight calibrati?89
Figure 7.23: Braking acceleration map with OPD at GVW calibration......239
Figure 7.24: Brake Regen Profile Compared to the OPD torque limit in LA92
[ 41V To T ol [T 241
Figure 7.25: Brake Regen Profile Compared to the OPD torque limit in NY_City

DIVING CYClE ittt 241

XXVii



Figure 7.26: Brake Regen Profile Compared to the OPD torque limit in
WLTP_High Driving CYCIe.........cooveeiieiiicee e 242
Figure 7.27: Torque command calculation chain using yeire accelerator
pedal With AOPD........cooiiii et e e e eeane 243
Figure 7.28: AOPD Calculation FIOW................oovvvviiiiiiiemmre e, 246

Figure 7.29: AOPD Braking Torque Limits for different weight classes....247

Figure 7.30: Torque requesdlculation model.............cccccoeviiiiiiicciien e, 248
Figure 7.31: AOPD torque management control model........................... 249
Figure 7.32: Study Case Vehicle Propulsion System Architecture........... 250

Figure 7.33: LA92 Driving Cycle GVW - Battery SOC comparison for-@PD,
OPD, Series Brake Regen, and Parallel Brake Regen.................cccooeeee. 256
Figure 7.34: LA92 Driving Cyclé Curb+100kg Battery SOC comparison for-A
OPD, OPD, Series Brake Regen, and Parallel Brake Regen................... 257

Figure 7.35: N¥City Driving Cycle- GVW - Battery SOC comparison for-@PD,

Figure 7.36: NY_City Driving Cyclé Curb+100kg Battery SOC comparison for
A-OPD, OPD, Series Brake Regen, and Parallel Brake Regen............... 258
Figure 7.37: US06 Driving CycleGVW - Battery SOC comparison for-@PD,
OPD, Series Brake Regen, and Parallel Brake Regen............cc.....vvveeee... 258
Figure 7.38: US06 Driving Cyclie Curb+100kg Battery SOC comparison for-A

OPD, OPD, Series Brake Regen, and Parallel Brake Regen................... 259

XXViii



Figure 7.39: FTP 75 Driving CycleGVW - Battery SOC comparison for-@PD,

Figure 7.40: FTP 75 Driving Cyclie Curb+100kg- Battery SOC comparison for
A-OPD, OPD, Series Brake Regen, &atallel Brake Regen.................... 260
Figure 7.41: WLTP_High Driving CycleGVW - Battery SOC comparison for-A
OPD, OPD, Series Brake Regen, and Parallel Brake Regen................... 260
Figure 7.42: WLTP_High Driving Cycle Curb+100kg Battery SOC comparison
for A-OPD, OPD, Series Brake Regen, and Parallel Brake Regen.......... 261
Figure 7.43: NXCity Driving Cycle- GVW i Regen Torque Profile for PD
and Parallel Brake REQEN............oovuiviiiiiiicmreeeeeitss e 261
Figure 7.44: N¥City Driving Cycle- GVW i Regen Torque Profile Difference
from A-OPD and Parallel Brake Regen..............ooovvviiiiicceiii e 262
Figure 7.45: NXCity Driving Cycle- GVW 1 Regen Torque Profile for PD
and Series Brake RegEN.........coooi i e 262
Figure 7.46: NY¥City Driving CycleT GVW i Regen Torque Profile Difference
from A-OPD and Series Brake Regen..............ccoovvvvivieeee e, 263
Figure 7.47: N¥City Driving Cyclei GVW i Regen Torque Profile for PD
AN OPD...oiiiiiiiie e 263
Figure 7.48: NY¥City Driving Cyclei GVW i Regen Torque Profile Difference
from A-OPD and OPD........coooiiiiiiiieeee e 264
Figure 7.49: WLTP_High Driving Cycle GVW i Regen Torque Profile for A

OPD and Parallel Brake REQEN..........cccuvviiiiiiiiieeieeeeeeeeeeeee e 264

XXIiX



Figure 7.50: WLTP_High Driving CycleGVW 1 Regen Torque Profile Difference
from A-OPD and Parallel Brake Regen..........ccccevviiieieiceeciiciiii e 265
Figure 7.51: WLTP_High Driving Cycle GVW i Regen Torque Profile for A
OPD andSeries Brake REJEN........c.oouuuiiiiiiiiiiiciie et mmmea s 265
Figure 7.52: WLTP_High Driving CycleGVW 1 Regen Torque Profile Difference
from A-OPD and Series Brake Regen..........ccccoeiiiiiiiiicce 266
Figure 7.53: WLTP_High Driving Cycle GVW i Regen Torque Profile for -A
OPD aNd OPD.......iiiiiiiiiiiiiiee e ceeeiii bt e e e e seet ettt e e e e e e e e e e e e e e s s s nmnns 266
Figure 7.54: WLTP_High Driving CycleGVW i Regenlorque Profile Difference
from A-OPD and OPD...........ouiiiiiiiiiii et esi e 267
Figure A.1: Acceleration maneuver80-0 mph, 0% Slope Vehicle Speed. 276
Figure A.2:Acceleration maneuver-80-0 mph, 0% Slopé Tire Force........ 276

Figure A.3: Acceleration maneuver80-0 mph, 0% Slope Battery DC Current.

Figure A.4: Acceleration maneuver:80-0 mph, 0% Slopé Battery Terminal
[V 0] 1 =T = S 277
Figure A.5: Acceleration maneuver80-0 mph, 0% Slopé Battery SOC....278
Figure A.6: Acceleration maneuver80-0 mph, 6% Slopé& Vehicle Speed.279
Figure A.7: Acceleration maneuver80-0 mph, 6% Slopé Tire Force........ 279

Figure A.8: Acceleration maneuver80-0 mph, 6% Slopé Battery DC Current.

XXX



Figure A.9: Acceleration maneuver:80-0 mph, 6% Slopé Battery Terminal

LY 0] 1 =T = ST 280
Figure A.10: Acceleration maneuver80-0 mph, 6% Slopé Battery SOC.. 281
Figure A.11: Passing Maneuver: 0% Slep&ehicle Speed..............ccc........ 282
Figure A.12: Passing Maneuver: 0% Slegare FOrce...........cccceeeveeieeeeeenn. 282
Figure A.13: Passing Maneuver: 0% Slefattery DC Current.................. 283
Figure A.14: Passing Maneuver: 0% Slefattery Terminal Voltage.......... 283
Figure A.15: Passing Maneuver: 0% Slefattery SOC........ccccoeveeeeeeeeennn. 284
Figure A.16: Passing Maneuver: 3% Slepehicle Speed.......................... 285
Figure A.17: Passing Maneuver: 3% Slegare FOrce...........cccceeeeieeeeeeenn. 285
Figure A.18: Passing Maneuver: 3% Slefattery DC Current.................. 286
Figure A.19: Passing Maneuver: 3% Slejattery Terminal Voltage.......... 286
Figure A.20: Passing Maneuver: 3% Slefattery SOC.........cccoeeeeeeeeenennn. 287
Figure A.21: Passing Maneuver: 6% Slepéehicle Speed.............cccuuveeeee. 288
Figure A.22: Passing Maneuver: 6% Slep@re Force..............cccccvveeeeeenies 288
Figure A.23: Passing Maneuver: 6% Slefattery DC Current.................. 289
Figure A.24: Passing Maneuver: 6% Slefattery Terminal Voltage.......... 289
Figure A.25: Passing Maneuver: 6% Slofattery SOC.........cccceeeeeeeeeeennn. 290
Figure A.26: Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS Ph 4+5, US06 Ph
6+7- VehICle SPEEA........cooiiiiiiiee s 291
Figure A.27: Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS Ph 4+5, US06 Ph
O A | (= o] (ol OO PP PPPPPPPPN 291

XXXi



Figure A.28: Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS Ph 4+5, US06 Ph
6+7 - Battery DC CUIMENL........ciiiii e ereme e 292
Figure A.29: Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS Ph 4+5, US06 Ph
6+7 - Battery Terminal Voltage...........ccooveeiiiiiiiiiicceiie e 292
Figure A.30: Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS Ph 4+5, US06 Ph
B+7 - BAEIY SOC ... .o et r e 293
Figure A.31: Driving Cycle: 65mph deplete +US06 ph 3%hicle Speed.. 294
Figure A.32: Driving Cycle: 65mph deplete +US06 ph 3+Hire Force........ 294

Figure A.33: Driving Cycle: 65mph deplete +US06 ph 3+Battery DC Current.

Figure A.34: Driving Cycle: 65mph deplete +US06 ph 3+Battery Terminal
RV 0] ¢= Vo TR 295
Figure A.35: Driving Cycle: 65mph deplete +US06 ph 3Battery SOC.. 296

Figure A.36: Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS Ph 4+8ehicle

Figure A.38: Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS Ph 4+3attery
DC CUIMEBNL....ceee et ee ettt eernnees 298
Figure A.39: Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS Ph 4+3attery

Terminal VORAQE. ........uuueiieii e eeee e 298

XXXii



Figure A.40: Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS Ph 4+3attery
0] L PSPPSR PP PSPPI 299
Figure A.41: Driving Cycle: UDDS Ph 1+2/ehicle Speed........................ 300
Figure A.42: Driving Cycle: UDDS Ph 1+ZTire Force..........cccccvvviiinnennnn. 300
Figure A.43: Driving Cycle: UDDS Ph 1+2Battery DC Current................. 301

Figure A.44:
Figure A.45:
Figure A.46:
Figure A.47:
Figure A.48:
Figure A.49:
Figure A.50:
Figure A.51:
Figure A.52:
Figure A.53:
Figure A.54:

Figure A.55:

Driving Cycle:
Driving Cycle:
Driving Cycle:
Driving Cycle:
Driving Cycle:
Driving Cycle:
Driving Cycle:
Driving Cycle:
Driving Cycle:
Driving Cycle:
Driving Cycle:

Driving Cycle:

UDDS Ph 1+2Battery Terminal Voltage........ 301

UDDS Ph 1+2Battery SOC..........coceevvvvvvnnnnnn. 302
UDDS Ph 4+5/ehicle Speed........................ 303
UDDS Ph 4+5Tire FOrCe.......ccccccveeeiiiiiiiinnes 303
UDDS Ph 4+5Battery DC Current................ 304

UDDS Ph 4+5Battery Terminal Voltage....... 304

UDDS Ph 4+5Battery SOC.........ccccceeeeiiieennnn. 305
HWY Ph3Vehicle Speed..............coeeeeeennnn. 306
HWY Ph3Tire FOrce.......cccccoviiiiniiiniiieee. 306
HWY Ph3Battery DC Current....................... 307
HWY Ph3Battery Terminal Voltage.............. 307
HWY Ph3Battery SOC...........cccoiiiiiiiiiiieenn. 308

XXXIii



Li st of Tabl es

Table 2.1 Daily CO2 Emission Reductions per Economic Sector............. 56
Table 3.1: Lithiursion battery cathode and anode typical materials [130]...87
Table 3.2: Secondary Operational Modes of an Electrified Propulsion Sy€@éms

Table 3.3: Comparison of different electrification levels and vehicle applications

.................................................................................................................... a8
Table 3.4: Availability of Primary Operational Modes in SMA.................. 110
Table 3.5: Availability of Secondary Operational Modes in SMA.............. 110

Table 3.6: Electrification Degree as a function of EM position on SMA
AICNITECIUIES ... et e e emnnne 111
Table 3.7: Availability of Primary Operational Modes in MMA Architecturek?

Table 3.8: Availability of Secondary Operational ModesMMA Architectures

Table 3.9: Electrification Degree as a function of EM position on MMA
AICNITECIUIES ... e e 118

Table 3.10: fuel consumption, electric range, and emissions comparisarili23

Table 3.11: Cost and investment COMPariSON.........cccoeeeveevvviieceiieneeeeeenennn 124
Table 3.12: Performance COMPariSON..............uuuuvuumnnmmreeeeeiieriiineeeeeeens 125
Table 4.1: Base vehicle technical specificatians.............ccccvvviieeeneeennnn. 144
Table 4.2: Base vehicle declared versus calculated performances.......... 144

XXXIV



Table 4.3: Normalized RMSE to evaluate the model's ability to represent an electric

VENICIE ... e 146
Table 5.1: Vehicle Type Definition according to CONAMA..........cccceeennn.. 157
Table 5.2: DeSigReqUIrEMENTS..........oiiiiiiiiiiie e eceeee e eeeee e 168
Table 5.3: Architecture Subsystem SizZiNg............ovvvvvviiiiicceeeeeeenn 169
Table 5.4: Architecture assessment reSultS............ccocvvveiieece i iiiieeeeeeenns 170
Table 5.5: Electricity and diesel COSL...........coiviiiiiiiiiiccciiiie e 175
Table 5.6: Fixed annual cost of ownership...............oovvvvvviiceieeeeeeiiinnnnnns 176
Table 5.7: Financial assessment SUMMary........cccoooeeeeiiiieeeeiiieeeee e 180
Table 6.1: Battery electric front wheel drive ligtammercial vehicle........... 194
Table 6.2: Driving cycle summary and characteristics...........ccccccvvvvnueeee.. 198

Table 6.3: Electric energy consumption in the driving cycles with the vehicle at
curb weight plus L00KG......cccooe e 199

Table 6.4: Electric energy consumption in the driving cycles with the vehicle at

GV L e e eea e et enan e e naaans 200
Table 6.5: Energy recovery global efficiency...........ccccovvvviiiieeeeiiicieeeeiinn, 202
Table 7.1: Study Case Vehicle Technical Specifications......................... 249
Table 7.2: Study Case Simulation Board...............cooovvvivieeeeeeeerieeeeeiiiiiinnns 251
Table 7.3: AOPD Performance comparison to OPD............ccccceevvvvvieeenn. 252
Table 7.4: AOPD Performance comparison to Serie Brake Regen.......... 253
Table 7.5: AOPD Performance comparison to Parallel Brake Regen......253

XXXV



Chapter 1

| ntroducti on

1.1 Background and Motivation

Some estimations predict that the number of motorized vehicles used for
transportation can surpass more than 1 billion [@3rd'he number of new vehicles
on the roads in 2018 reached about 80 million units, with a growth rate of about 10%
compared with the number of producsds by 20152].

The United States is known as a country on whestsl the vehicle market fia
mostly plateauedviore than 280 million vehicles are on the road in the USA, and
about 35% are light passenger vehidlest least four whes| no more than eight
seats anda maximum GVW of 8500bs [3]. The International Council on Clean
Transportation (ICCTégstimateshat transportation causes 23%gtifbal emissions
About 60% of the emission is fromommecial vehicles[4]. The Environmental
Protection Agency{EPA) estimates that in the United States, the level of Global
Carbon emission caused by fossil fuglse about 90% when compared with the

status of the 1970s, and 28% of the total gas emission comes from the transportation

system[5].
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The CO2 emission regulations are prevalent in major automotive maikeds.
ICCT presents the perspectives of the regulatory landscape for the most important
automotive markets in the wortégardingthe target CO2 emission, parametrized
for the same test procedure, the New European Drive Cycle (NEDC).

European Union is leading many efforts to establish the metrics to reduce harmful
gas emissions. The average CO2 emission by inathe European region has
decreased from 185 g/km in 1995 to 118 g/km in 2018. The Europeanftarget
2020wasto meet, on average, 95 g/km of CO2 and about 80 g/km by[2DZFhe
mandatory average reduction of CO2 emission is about 40% in the United States and
Canada fronthe 2012 level by 2025, and the regiotigt comprehend the most
important automotive markets in the wondl have a target to meet an average
CO2 emission of about 100 g/K#d.

During the COVID19 "Great Lockdown," aits most criticalpoint, in April
202Q the economic contraction resulted in a 17% CO2 emission reduction
compared tahe same perioagh 2019. The ground transportation and aviation
sectors accounted for more than 50% of total CO2 emissions red[&jtidrhis
data shows that reducing mobility mplacing ICE vehiclesvith nonpollutant
vehicles powered by renewable eneeffectively reduces air pollution and limits
greenhouse gas emissions.

The adoption of the electrification of the propulsion system is hence mandatory

to meet the CO2 emission targefbe wide range of road vehicles includes buses,

37



trucks, light commercial vehicles, and passenger vehicles, each with distinct
segments and performance nepfls

Variouselectrified propulsion systearchitecture configurations)ectrification
degreesand electric machine quantitiese possibleVehicle performance and
energy efficiency rely on the collaboration of multiple subsystemd the
architecture of the electrified propulsion systdime vehicle's capabilities hinge on
the number of drimg axles electric motors, battery energy and power, and the
coordination of power electronics for synchronizing multiple power units
simultaneously. Consequently, eldaed vehicles are highly intricate systefd$,

[9].

Electric vehiclesd o nodly bring environmental benefits but are atsesmart
financial movdor fleet ownersResearch shows that owning an electric vehicle can
cost up to 80% less than a traditional car with a gas enfjireeeconomic benefits
depend on how @any miles the vehicle runs a yeamnd how efficient the whole
system is.

In 2022, a kght but notable shift occurred in the transportation landscape.
Electric buses and trucks began to carve out their space, representing 4.5% and 1.2%
of total sales, respectively. Interesting®% of these electric trucksere of the
box truck variety, boasting a maximum weight limit of 10,000 dtessifying these
vehicles as light commercial vehicles.

By 2035 half of all newly acquirecommercial vehiclesre expected to be

electric. By 2040, the shift towards cleaner,-&tendly transportation options is set
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to continue, with a projected 40% of commercial vehicles worldwide being fully

electric.

1.2 Problem Statement

Architecture selection anegenerative braking play a pivotal role in increasing
the propulsion system efficiency of EVs. The benefitswever, depend on the
specificpropulsion system architecture selected,teke subsystem architecture
and control calibration.

Advancedregenerative brakingrchitecture®ffer substantial energy efficiency
benefits Still, it requires a complex braking control module that integrates electronic
and antilock braking systems with a brakg-wire pedal. This complexity makes
its development expensive and less common in commercial vehicles typically
produced in low volumed.he option to avoid series regenerative braking is called
parallel regenerative braking. However, depending on the driving qyatalel
regenerative braking nade up to 50% less efficient than series regenerative braking
for applications where the gross vehicle weight is significantly larger than the curb
weight[10].

The onepedal drive (OPD) strategy becomes crucial, allowing commercial
vehicles to efficiently recover energy during deceleration by enabling the driver to
control thecarusing just the accelerator pedald asa consequence, only using the

e-machines to slowdown the vehiclelowever, the OPD effectively improves
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energy efficiency in commercial vehicles when vehicles are not loaded. The
efficiency problem is still relevant when the commercial vehicle is loaded.

In this context, there is a need for a regenerative braking system that allows
commercial vehicles to adopt a simple brake subsystem architecture;
simultaneously, it optimizes the opportunity for energy recovery during
decelerations at any vehicle weighthis thesis aims to bridge this gap by
presentingan adaptative onmpedal drive (AOPD), which changes the OPD

calibration as a function of themuing vehicle weight.

1.3 Thesis Scope

This thesis proposal centers around three key chapters addressing distinct
aspects of electric commercial vehicle efficiency and performance. The primary
focus is on the Adaptive Orfeedal Drive (AOPD) strategy, propulsion system
model correlation, and ke pedabased energy recovery strategies.

The A-OPD strategy forms the cornerstone of this research. It leverages the
flexibility of one-pedal drive, enabling drivers to control launching, acceleration,
braking, parking, and stopping using only the accelerator pedal. However, it
recognizes the chlange posed by calibration, where efficiency depends on
variables such as vehicle mass and applied bratangue This challenge is
particularly evident when dealing with vehicles of varying loads, highlighting the
necessity for nuanced calibration tosare safety and comfort under diverse load
conditions.
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The A-OPD strategy ipresentedas a solution to optimize this calibration,
addressing the complex issue of commercial vehicles with significant disparities
between curb and gross vehicle weight (GVW). Through an algorithmic approach
that estimates running mass using a Recursive Lepsr&s filter(RLS), the A
OPPD strategy offers a dynamic solution. It classifies and selects frooafipeated
A-OPD regenerative torque maps, promoting uniform driving experiences
irrespective of the vehicle's weight. Tgeal is to enhance energy efficiency while
maintaining driveability, performance, and sgfet

In summary, this thesis proposal embarks on a multifaceted exploration of
electric commercial vehicle optimization. It introduces theDRD strategy to
enhance driveability, performance, and safekyle delving into the complexities
of designing efficientcommercial vehicles and evaluating regenerative braking
strategies. This research aims to contribute valuable insigtatsthe evolving
landscape of electric commercial vehicles, offering practical solutions for

enhancing their efficiency, performancadaconomic viability.

1.4 ResearchContributions

The research presented in this study addresses the issGO©2fin the
transportation sector, particularly in the context ofitleeeasing global demand for

commercial vehicles, espediabox trucks
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The central problem addressed in this researoptisiizing propulsion system
efficiency in electric commercial vehicles, focusing on the regenerative braking
system. While advanced regenerative braking offers energy efficiency benefits, it
is complex and expensive to implement, particularly in commercial vehicles
produced in low volumes. The study introduces an Adaptive Raakal Drive (A
OPD) strategy that aims to simplify the brake subsystem architecture while
optimizing energy recovery during decel@&at even with varying vehicle loads.
The A-OPD strategy utilizes an algorithm to estimate running mass, enabling the
selection of precalibrated regenerative torque maps for consistent and efficient
operation.

The peripherical problems this thesis addresses iavaking modebased
engineering to develop propulsion systems and perform multiple study cases and
whatif analyses. This paper also demonstrates how to migrate from a-medel
thelloop to a driverin-thelloop approach to evaluate the driveability and tyafe
aspects of the design in the early stages of the product development fpcess
using a driving simulatofThis paper also addresses the importance of considering
the financial facets of the productst and product operation while designing a
system.

In summary, this researdignificantly contributego electric commercial
vehicles by proposing a practical@PD strategy to enhance energy efficiency,
performance, and safety while addressing the challenge of variable vehicldtloads.

also contributes by showing the importance of virtual engineering and its innovative
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application using a driving simulatofhis work aligns with the global effort to
reduce CO2 emissioriom the transportation sectat the same time, it addresses
the need for financial benefits. The combination of environmental and economic
benefits are the drivers thatpport the growing transition towards cleaner and more

sustainable transportation options.

1.5 Thesis Outline

This thesis presents its content in six main chapters beyond the Introduction
and Conclusion chapters.

Chapter 2 delves intcAir Pollution and CO2 emissioamid the COVID
19 pandemic, recognizing it as a major health crisis and economic disruptor. The
"Great Lockdown" period,called "The Experiment,” offers insights into
electrifying transportation and boosting renewable energy in electricity generation.
This chapter showghe potential to cut CO2 emissions and air pollution by
electrifying 40% of surface transportatipawered byrenewable electricity

Chapter 3 comprehensively explores electrified propulsion systems,
defining subsystems, degrees of electrification, and potential architectures
combining electric motors. It also categorizes operational modes into primary and
secondary ones for claritfthe chapter also proposed a workflow for propulsion
system architecture design.

Chapter 4 reviews a modebased engineering approach for electric
vehicles. It evaluates an electric vehicle model's correlation with physical results,
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ensuring dynamic responsiveness for reliable design choices, energy efficiency
assessment, softwaand control calibration while referencing data fridrh]. This
chapter equipghe thesis with the background to rely on the energy consumption
and performance simulation results.

Chapter 5 of this thesis delves inwlectriccommercial vehicles. Bnalyzes
four distinct electric vehicle propulsion configurations. This investigation goes
beyond energy efficiency assessmextaminingacquisition costs and Total Cost
of Ownership (TCO) considerations. The objective is to scrutinize the financial
viability of electrified commercial vehicles as a profitable investment opportunity
for fleet ownersMetrics like the internal rate of return (IRR), payback period (PB),
and return on investent (ROI) are analyzed to provide a comprehensive financial
perspective.

Chapter 6 focuses omegenerative braking strategies for light commercial
electric vehicles(up to 10,000 Ibs GVW)It investigates and compard®/o
method, series and paralletegarding their energy efficiency and drivability.
Energy efficiency assessmesimulatedifferent regenerative braking strategies in
five distinct driving cycles. Furthermore, the stugses a static driving simulator
to evaluate drivability during deceleration maneuvers through a dnistee-loop
simulation The chapter intrattes an innovative integrated Modieithe-Loop
(MiL) and Driverin-the-Loop (DiL) approach to assess the interactions between
propulsion and braking systems using a driving simuldtois approach enables

objective and subjective evaluations of energy efficiency and drivability
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performance, utilizing metrics such as pedal travel, longitudinal acceleration, and
acceleration ratio for comprehensive comparisdiee chapter also presents the
energy efficiency problem when not using optimum brake subsystem architecture.

Chapter 7 introduces the Adaptive Offeedal Drive (AOPD) as a solution to
optimize onepedal drive (OPD) systems for electric commercial vehicles,
particularly addressing the challenge posed by significant variations between curb
weight and gross vehicle weight (GVW). TheOQ¥D strategy incorporates an
algorithm utilizing a Recursive Least Square (RLS) filfer accurate mass
estimation. It classifies and selects from-padibrated AOPD regenerative torque
maps, ensuring consistent and efficient vehiofeeration, regardless of load
conditions. This approach aims to enhance energy efficiency mvoeld driving
scenarios while maintaining driveability, performance, and safety.

The study cases presenteddhater 5, Chapter 6, andChapter 7 all use the

exact base commercial vehicle and technical specifications.
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Chapter 2
Transportation Syste

The World Health Organization defines a Pandemic as "the worldwide spread of
a new disease." Until a pandemic is declared n#he disease's progress through
different contagion phasésanalyzed. Stage 6 marks the pandemic announcement
stage wherrommunity outbreaks occur in at leasb countries. The pandemic is
over when the spread of the disease ceases or is controlled to acceptable levels,
similar to the flu[12]i [14].

During the COVID19 Pandemic, social distancing measures have been
implemented to contain the spread of the Coronavirus. Most of the restriction
measures were easeaahd a complete return to normal, including international
travel, happeed when vaccinesverewidely available globally to developed and
developing countriedimiting the surge of new variani5].

Due to social distancing, a significant reductioreconomic activities led to a
global economic downturn. GDP growth for most of th&@economies was
negative in 202016], and a significant decrease in CO2 emissions and air pollution
in urban areas was observed, caused mainly by the drastic reduction in mobility and
electricity demandi17].

Air pollution and CO2 emissions hawgown exponentially since the first

industrial revolution. During this time, periods of crises have demonstrated a
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correlation of economic downturns with a temporary reduction in the levels of CO2
emitted by the combustion of fossil fuels.

Structural changes implemented in the energy system during the energy crisis of
the 1970s and the implementation of policies and regulations to limit air pollution
and emissions were demonstrated as effective ways to reduce the carbon intensity
of the glolal economy.

However, the measures implemented globhHye failed to reduce the global
average temperatures, and the increasing concentration of CO2 in the atmosphere
remairs asignificantenvironmental threat. It is the driver of climate change and
manyglobal environmental disastdis3], [19].

Reduced air quality in populated are@salso associated with disastrous
consequences to population health. In many cities, the concentration of harmful
gases and particulate matter is far beyond whatWorld Health Organization
(WHO) indicates Air pollution in big cities is associated with the cause of
premature deaths and reduced life expect@2@)y [25]. The WHO estimatethat
4.2 million premature deathygarlyare due to air pollutiof26]. Air pollution is a
global problem; cities in almost every countigd continent facéssues due to
climate change and air polluti¢a7].

Air pollution is definedasthe contamination of the atmosphere with a harmful
substance that cawsrisk to the health of human beings or any other living form
[28]. In thisthesis the term'Air Pollution” will be used for gases and particulates

that are harmful to human healluch as particulate matter 2.5 and NOx. The gases
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thatcause climate change are defined as Greenhouse gases, (@GMGich CO2
is the most harmful for the transportation sector.

For a long time, th&Vorld has suffered from air pollution and excessive CO2
emissions as if it were a global disease, weakening its ecosystem and dimming the
future of humanity. It is possible to draw a parallel between the CENID
pandemic and an ongoing global "Air Polluti®andemic.'However,while the
former has monopolized headlines since the beginning of 2020, the latter receives
much less attentigrmalthough the implications in both cases are comparable in many
ways In March 2019, David R. Boyd)N Special Rapporteur on Human Rights
and the Environment, made a statement in which he called air pollution a pandemic:
"Yet, this pandemic receives inadequate attention as these deaths are not as
dramatic as those caused by other di sast e
people are dying, many after years of suffering, from cancer, respiratory iliness or
heart disease dicdy caused by breathing polluted "aif29] The global "Air
Pollution Pandemic" also takes a baggstisition concerning global warming,
related but distinct problem.

Living in a world under the conditions of confinement seen during the COVID
19 crisis is not sustainable, as economic activdies social relationships are part
of ourcurrent social structure. The economy and social interactionsedtortheir
previous levels, including air pollution, which retedto business as usuahen

theeconony reopered
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Many impacted countries provided economic stimulus to keep the structural
integrity of their economies intact and to hehgate the conditions for economic
recovery and confidence during the possis. These incentives were usually
presented afinancial packagesembodyinga collection of monetary and fiscal
policies, e.g., lower interest rates and provision of subdj@igs

Putting aside all the terrible consequences of COY®D we could view the
2020 "shutdown" crisis aa largescale experiment designed to observe how
extreme public measures would impact the environment and humanity's health by
drastically reducing the power generation and transportation intensit

This "experiment" could provide insights and motivation for new government
policies, including more extensive adoption of alternative energy sources and
vehicle technologies, e.g., electric vehicles and renewables. Some governments
have already announcéuvestments in this direction: for example, in May 2020
France announced an i nj e cirito tleerautoonbtivea ppr o X i ma
sector, with a significant portion of that investment earmarked to boost the market
for electric and hybrid vehicles. Tée incentives, in the form of purchase bonuses,
will stay in place until July 20231]. In November 2021, the USA announced an
incentive investment package in the form of a $2 trillion climate plan. $174 billion
was earmarked to boost the electric car mdB&t

Economies around th@/orld are recovering, but the consequences of the
economic crisis generated by the pandemic could last much longer. Therefore, if,

to a certain degree, the introduction"bkalthier technologiéscan not only be
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combined with more conventional fiscal and monetary government stimulus
measures but algoshared with countrigkatwill suffer longer, economically, and
socially with the pandemit this would not only mitigate the economic downturn
but, at the same time, improve the health of a large portion of the global population
while alleviating the problem of climate change.

Examples of suchhealthier technologiés<ould include(1) the introduction of
incentives to reduce commuting, such as providing stimulus for more remote
working; (2) the introduction of greener technologies, such as introducing
completely electrified propulsion systems for surface transportation and aviation;
(3) the systematic replacement at different scales of fassHpowered electricity
generation by renewables sources, e.g., solar, wind, hydro{4amdtroducing

stimulus for the usage of clean public transportation, and rmacrality.

2.1 Emissions and Air Pollution as a Pandemic

2.1.1 Air Pollution and Health

There are many sources of air pollution and CO2 emissions, including outdoor
and household air pollution. The use of fossil fuels significantly contributes to
ambient air pollution. The correlation of giollution with disease and premature
death is a welestablished field of studyMany publications are available on the
topic [33], [34], and Air Pollution is directly associatadth increasing the risk of

cardiovascular and respiratory problej@s]i [39].
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Research undertaken during the SARS epidef#@] noted an associated
increase of 88.00% chance of death in highly polluted areas when compared with
geographic regions with a lower level of air pollution. Amid the CO\ID
Pandemic, researchers are identifying a spatial association of air pollution with
increased mortality rat@l], [42]. A US study found a direct correlation between
high deaths due to COVHD9 in areas with longerm exposure to PM2.BEl3].
Another study, considering data from France, Germany, Italy, Spain, Netherlands,
and England, confirmed a pattern of increased mortality rates due to CTilD
areas with longerm exposure to PM2.5 and NQ&1].

Another investigatiofd5] found a correlation between outdoor air pollution and
premature deaths on a global scale. This study noted that 2010 saw a peak of deaths
related to air pollution of about 4.8 million worldwide, predominantly in Asia. It
also showed a significant geogragdl difference in the associated causd
pollution and premature deaths. For example, in tit& &hd Germany, 36% of
premature deaths related to air pollution are attributable to surface transportation.
In comparison, power generation and residential energy count respectively for 19%
and 12% in the Lb.and 10% and 19% in Germany. In China, land traffic and power
generation were responsilite 7% and 2% of the premature deaths associated with
air pollution, while residential energy was responsible for 76% due to coal and
wood fire ugd for heating and cooking. In the same study, the researchertgredic

that the fatalities Wl double by 2050.
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A 2015 study found air pollution was correlated with 8.8 million deaths annually
anda reducedife expectancy of 2.9 yeaf46]. From the total associated deaths by
air pollution, the authors indicated that 35% were concentrated in East Asia, 32%
in South Asia, 11% in Africa, and 9% in Eurofmast Asiarepresents a death rate
of 196 deaths per 100k inhabitarftsr Europe, 133 deaths per 100k inhabitants.
Conversely, the study forecasts an increase of 1.1 years in life expectancy and
an avoidance of 3.6 million deathg eliminatingair pollution caused by fossil fuel

combustion.

2.1.2 Economic Implications of Air Pollution and Climate

Change

Air pollution and the concentration of CO2 in the atmosphere impact human
health but are also a potential threat to the global economy. There are several
economic implications for mitigating the health problems associated with air
pollution and the conseguces of climate change.

A 2018 study47] estimated the cost of treating air polluticelated diseasan
England at approximately $6 billieannually The WHO estimated the global cost
in 2014 was $3.5 trilliof48]. For reference, in 2014he global GDP was $79.3
trillion. The implication is that healthcare spending to treat diseases associated with
air pollution represented approximately 4.5% of global GDP in 2034 In 2020,
researchi{50] estimated the cost of $5.3 billion per million COVID patients.
According to[51], in 2020, 84 million people were infected with the new
Coronavirus. Using these data to make an approximation, the globalf ¢wstith
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care to treat COVIEL9 could be estimateat $450 billion, without considering the
investment in equipment to increase the healthcare sgstapacity tomeetthe
high demand.

In thelatest Carbon Budget report, published by the Intergovernmental Panel
on Climate Change (IPCC), the accumulated amount of CO2 emissions from 2018
to 2030, to limit the earth's average temperature increase 90 th52030, is
calculatedat 770 GtCO2. Even if the pace of emissions remains constant with the
2019 levels, the budget will be exceeded in 2(Q3B], [53]. Per [54], the
accumulated economic losses by 2050 due to climate change can reach up to $10

trillion if businesss as usual

2.2 Pollution Reduction Learnings from the COVID-19

Pandemic Lockdown

The measures to limit the spread of the Coronavirus led to the closure of-all non
essential activities in many jurisdictions. The outbreak of COY®Dand its
associated confinement strategies resulted in restrictropsaplés movement and
the temporary closure of businesses and commercial activities, with a significant
reduction in economic activitp5], [56]. Therefore, there was an impact on the
demand for energy and a tempordegcrease iO2 emissions and air pollution in
urban areafs7][42].

In a series of studies published by the International Energy Association, global

energy demand was identified to be temporarily reduced by approximately 3.8%
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during the first half of 2020 due to the confinement measures implemented to
control the spread of the ne@oronavirus. Oil and coal demand decreased by 5%
and 8%compared tdhe same perioth 2019. Surface transportation decreased by
50%, while aviation decreased by 60%. In this period, the share of renewables
increased in the USA, Chinpand India. In Europe, grew, but from February to

July 2020, theercentag of renewables in the mix exceeded that of fossil fuels. At
the end of 2020, with the easinfconfinement measures, the weekly demand for
electricity returned to 2019 levels, and in China averaged 6.5% higher than 2019
levels[58][59].

In April 2020, the anticipated global GDP growth 2020 was estimate«B#i.
However thefirst calculations of real 2020 global GDP growth are in the range of
-4%. [16]. Poverty grew most of all in developing countriespecifically in Latin
America,the Caribbeanthe Middle East, North Africa, and Se®aharan Africd
adding approximately 100 million people below the extreme poverty line. In
Europe, East Asjand North America, the trend of poverty reduction over time has
remained constaf80]. In the developedorld, despite aignificantspike in 2020,
unemployment rates are now near normal lejgl§ [62].

The total annual energy demand dim2020 wa$%, seven times more than the
reduction during the global financial crisis of 2008/2009 and equivalent to double
all the crises between WWII and the global financial crisis comidis&d

In [58], the IEA listed the significant impacts the energy sector due to the

COVID-19 outbreak. Approximately 4.2 billion people were under some level of
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confinement in April 2020. This represents about 54% of the global population and
is linked to around 60% othe worldwide GDP. Countries undesomplete
lockdown experienced a reduction of about 25% in energy demand, while for
countries under partial lockdowit was approximately 18%. That is the most
significant drop since WW]land it issix times bigger than the decline seen during
the global financial crisis of 2008/2009.

In [6], CO2 emission reduction was presented as a function of the confinement
index (which is calculated in terms of length and the level of confinement). The
authorsnoted thatoy mid-March 2020, approximately 85% of global emissions
were emitted from quarantined areas. In April, the peak reached 90%.

At its lowest point, the economic contraction resulted in a 17% CO2 emission
reductioncompared tahe same perioth 2019. The annual decrease is estimated
in the interval of 4% to 7.5%, depending on the confinement ificdte2.1 shows
the contribution of each sector to the daily emissions reduction during the "Great

Lockdown"[6].
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Table2.1 Daily CO2 Emission Reductions per Economic Sector.

AVG Daily Reduction [MtCO2]

Electricity Power -3.3
Industrial -4.3
Transportation -7.5
Public Sector -0.9
Residential 0.2
Aviation -1.7
TOTAL -17

The ground transportation and aviation secamsuntedor more than 50%
of total CO2 emissions reduction, followed by the power generation and industrial
sectors Figure 2.1 shows the contribution of economic sectors to the temporary
global CO2 emission reductiofrigure 2.2 shows the temporary effeof CO2
emission within each analyzed economy sector, compared with the same period in
2019[6].

COVID-19 is the worst health crisis since the 1918 Pandemic and has resulted in
an economic downturn thatdramatically impacted energy demandThe
Experiment," during the COVIEL9 "Great Lockdown," gives us a perspective of
how measures to electrify the transportation system and drastically increase the

share of renewable sources in electricity production can reduce CO2 emissions and
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air pollution. An estimated electrification of 40% of the surface transportation fleet,
powered by renewable electriciig, an effective way to meet the Paris Agreement
targets.

The transition to Transportation 2.0 could help to save millions of lives. The
needed structural changes in the energy and transportationssaatohighly
capitatintensive. Governments should also work to strengthen air pollution and
CO2 emission regulations and to remove incentives to the fossil fuel industry. The
transition should start with the electrification of surface transportation, investments
in developing technologies to reduce reliance on rare earth materials, and
electrification costs Also, there is a strong need to expand the charging
infrastructure system angenerate electricity frommenewable sources. Massive
investments in innovation and research are still necessary to make the electrification
of the aviation sector economically feasiblowever, the electrification of this
sector can cause a paradigm shift in its entire business model. A transition of the
aviation supply chain is also necessary, and incentives are essential to change the
mobility industy.

The impact of the COVIEL9 "Great Lockdowh and the "return to normal”
effect on the CO2 emission and pollution footprintriseacelleh example of how
a major sector of the economy impacts the global CO2 emission and air pollution
profiles. We have also seen where and by how much measures to reduce the

pollution of economic sectors could simultaneously Heipt global warming.
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Figure2.1 Contribution to Temporary Co2 Emission Reduction During tl
COVID-19 "Great Lockdown".
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To keep global warming under 1.5C, an annual linear CO2 emission reduction
of approximately 122GtCO2 is necessary. That is equivalent to a daily CO2
emission reduction afougHy 2.8-5.6MtCO2[63]. A drop of this magnitude has
only happened a handful of times in the modern era: globally during the Great
Depression and WWII; regionally, with the collapse of the Soviet Union; and in
2020, with the COVIB19"Great Lockdowh [64].

Figure2.3 shows the changes in the concentration of particulate matter (PM2.5)
in nine global cities. The comparison is based on data measured during three weeks

of lockdown in 2020 and then compared to the same period in 2019 and the average
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of the air pollution data of the prior four yed®5]. The changes in PM2.5

concentration were measured in hidgnsity urban areas with heavy traffic.

Concentration of PM2.5 in Urban Areas
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Figure 2.3: Average concentration of Particulate Matter 2.5 duringvee8k
lockdown.

Cities that historically have presented extremely high levels of air pollution,
mostly due to transportation and power generation, were the most positively
impacted in relative terms during the complete or partial lockdowns. Los Angeles
saw its best air @qlity sincesystematic PM 2.5 data collection staritethe 1980s.

Similarly, Wuhan saw its lowest measured pollution IEB&i [68]. In Sao Paulo
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[69], a decrease of 64.8% in.@. concentration was followed by a reduction of
77.3% in NO, 54.3% in NQ2nd 30% in O3.

COVID-19 confinement measures have resulted in continuing social and
economic impactg/0]. The International Monetary Fund (IMF) estimated a Global
GDP reduction of 3% in 2020, withdecreasef 4.5% in developed countries and
2.1% in emerging markets, led by India and China. Global GDP is estimated to
grow by approximately 6% in 202[I71]. Theeconomy's recovgiis bringing CO2
emissions levels back to 202819, consistent wittheincreased use of coal and

oil [59].

2.3 Building a Greener Future

There was a "V" effect in CO2 emissions growth in past crisis evVEnits was the
pattern of emission trajectory growth seen during tt& Savings and Loans crisis
in the mid1980s, the collapse of the Soviet Union in 19881, and the Global
financial crisis of 2008/2009. The global oil crisis in the 1970s presented an L
shape in the growth trajectory of CO2 emissions. The main cause he&as t
implementation of structural changes in the energy sector, reducing the reliance on
oil while adopting naturalas and nuclear ener{g2]i [74].

The oil crisis started a race to develop new technologies to improve the
efficiency of energy systems in the transportation and industry sectors, thereby
reducing the carbon intensity of the economy (the CO2 emission ratio relative

to gross domestic produ@&DP), as shown ifigure2.4.
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Even with continuing economic growth in developing countries and the
consistent growth of CO2 emissions, the global carbon intensity of the economy
maintains a declining trajectory, which means that globally, we are prodeeeg
CO2 emissions to maintain consistent levels of economic developitdii/ 7].
However,reducingthe economy's carbon intengiis not enough to limit global
warming and the looming climate crisis.

Developed economies presented a reduction in the CO2 emission levels of 1.3%
in 2008 and 7.6% in 2009, followed by a growth of 3.4% in 2010 (one year after
the 2009 global economy crisis). Developing countries, on average, presented a
consistent increase emissions of 4.4% in 2008, 2.9% in 208Ad 7.6% in 2010
[72]. In 2021, global CO2 emissionsboundedo 2019 levelsprimariy due to the

use of coal for electricity generation and the return of moliligy.
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Figure2.4: Carbon Intensity of the Global Economy since the [96%

Energy source shares are changing due to structural changes in the energy sector,
implemented sincthe oil crisis andmore recently, due to a rise in concerns about
climate change. The share of coal as a primary st\aseemainedtable since the
"70s, while the share of oil is reduced, and natural gas has increased. The percentage
of renewables other than hydroelectric, e.g., solar and wind, started tondg@O®h0
when efforts to fight climate change intensifi€iure2.5 shows that coal and oll

remain the leading energy sourcéor electricity generation andransportation

globally.
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Figure2.5: Energy Sources mix since 19[BB].

Structural changes in the energy sector are an effective way to transition to a
low-carbon economy. As presented [39], there § a direct correlatiobetween
the implementation of policies and regulati@amsithe reduction in emission levels
and air pollution. However, the growth of capacity to generate and offer renewable
electricity in the grid and the electrification of the transportation sector is not
keeping pace with the growth in teaergy demandvhich results in an increasing
share of renewables in the energy mix but does not reduce the global use of coal
and oil, as shown iRigure2.5.

In [80], a mix of the electrification of the energy sector and carbon capture
technology is mentioned as a pathway to meet the goals of the Paris Agreement.

Table 1 shows that during the COMI®"Great Lockdowh, the transportation and
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power energy sectors combined accounted for a daily reduction of 12.5 MtCO2; of
which 7.5 MtCO2 came from the transportation sector alone. That amounts to a
decrease of 7% in the global demand for electricity and a significant decline of
approximately 50%n the usage of surface transportatioand exceeds the daily
reduction in emissions needed to meet the Paris Agreement targets of about 7
MtCO2.

Even with a new normal, th&orld still strongly depends on vehicular forms of
mobility, and a sustainable reduction of 50% in global mobility will not last long.
With the easing of confinement measures, vehicle traffic is beginning to return to
normal and is expected to do so whexvéd restrictions are fully lifted.

The concept of Transportation 2.0 is proposed as a paradigm shift for the
transportation sector. A significant component of this shift involves moving from a
reliance on fossil fuels to a wholly electrified transportation system, where the
electricity is generated by a mix of renewable sourf&4.

The technology foelectrifyingthe propulsion system for surface vehicles, e.qg.,
passenger vehicles, public transportation, commercial trucks, anohoffiehicles,
is a reality today. Technological challenges still need to be addressed to enable
electrification on a large scale. Baies with higher energy density and charging
power are required to increase electric range and reduce charging time. The
adequate deployment of charging infrastructure and reduced reliance on rare earth
materials to producelectric motors are typical of the technical challengieall

types of ground vehicte
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Transportation 2.0 could also be applied to the aviation sector, offémng
potential for cost reduction and increased flexibility in operations; however, many
innovations are still necessary. The primary challenge is the need to increase the
energy and power density of the propulsion syJ&2h

On the other hand, the transition to an electrified transportation systeases
the demand for electricity. Based on the concept of Transportation 2.0, electricity
generation also moves to be based on renewable soliraasportation 2.0 finds
the best energy mix traddf when up to 70% of the grid is supplied with renewable
sourced83].

The transition to a wholly electrified future is capiitaiensive. The necessary
investment in infrastructure, globally, in the energy system is estimated in the range
of $3.56 trillion by 2030[84]. Although there are political roadblocks and capital
limitations to funding the energy transit{85], there is a need for this paradigm
shift in the energy sector and transportation ssctbhe COVID19 "Great
Lockdown" has been an excellent opportunity to theeeffects of how a greener
energy and transportation sector could impact emissions and climate change for
good.

The CO2 emission reduction experienced in 2020 is predicted to be in the
range of 0.83.0 GtCO2. Based on the temporary reduction of CO2 emission,
presented ifable2.1, itis possible to elaborate a scenario by which electrification
of a range between 20% of the transportation fleaf powered by renewable

sources, can reduce daily CO2 emissions to the range-6f@MtCO2. The annual
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CO2 reduction in this scenario will fall into the rangfel-2 GtCo2, the estimated

amount of CO2 emissions reduction to limit global warming.

2.4 Summary

COVID-19 is the worst health crisis since the 1918 Pandemic and has resulted in
an economic downturn thatlramatically impacted energy demandThe
Experiment,” during the COVIEL9 "Great Lockdown," gives us a perspective of
how measures to electrify the transportation system and drastically increase the
share of renewable sources in electricity production can reduce CO2 emissions and
air pollution. An estimated electrification of 40% of the surface transportation fleet,
powered by renewable electriciig,an effective way to meet the Paris Agreement
targets.

The transition to Transportation 2.0 could help to save millions of lives. The
needed structural changes in the energy and transportationssaatohighly
capitatintensive. Governments should also work to strengthen air pollution and
CO2 emission regulations and to remove incentives to the fossil fuel industry. The
transition should start with the electrification of surface transportation, investments
in developing technologies to reduce reliance on rare earth materials, and
electrification costs Also, there is a strong need to expand the charging
infrastructure system angenerate electricity frommenewable sources. Massive
investments in innovation and research are still necessary to make the electrification
of the aviation sector economically feasiblowever, the electrification of this
sector can cause a paradigm shift in its entire business model. A transition of the
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aviation supply chain is also necessary, and incentives are essential to change the
mobility industy.

The impact of the COVIEL9 "Great Lockdowh and the "return to normal”
effect on the CO2 emission and pollution footprintnseacelleh example of how
a major sector of the economy impacts the global CO2 emission and air pollution
profiles. We have also seen where and by how much measures to reduce the

pollution of economic sectors could simultaneously Hetpt global warming.
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Chapter 3

El ectri fi ed Aut omot

System

Some estimations predict that the number of motorized vehicles used for
transportation can surpass more than 1 billion [@@rs'he number of new vehicles
on the roads in 2018 reached about 80 million units, with a growth rate of about 10%
compared with the number of produced vehicles by Z@JL5This growth in the
automotive industry is mainly due to the enormous increase in economies of
developing countries such as China and India, which are creating an entirely new
automotive market, with yearly production volume estimated at 30 million parits
year in China, for examp[&6].

On the other hand, the United States is known as a country on wdreeglthe
vehicle market rmmostly plateaued/ore than 280 million vehicles are on the road
in the USA, and about 35% are light passenger vehicdeast four whes| no
more than eight seatanda maximum GVW of 8500bs [3]. However, in 2016,
90% of the miles in the USA were driven by light passenger vehigls The
International Council on Clean Transportation (IC@%)imateshat transportation
causes 23% ofllobal emissionsAbout 40% of the total emission is from light

passenger vehiclg¢4]. The Environmental Protection Agency (EPA) estimates that
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in the United States, the level of Global Carbon emission caused by fossibieel
about 90% when compared with the status of the 1970s, and 28% of the total gas
emission comes from the transportation syqtm

The ICCT presents the perspectives of the regulatory landscape for the most
important automotive markets in the womegardingthe target CO2 emission,
parametrized for the same test procedure, the New European Drive Cycle (NEDC).

European Union is leading many efforts to establish the metrics to reduce harmful
gas emissions. The average CO2 emission by inathe European region has
decreased from 185 g/km in 1995 to 118 g/km in 2018. The Europeanftarget
2020 is to meet, on average, 95 g/km of CO2 and about 80 g/km by4A0Zhe
mandatory average reduction of CO2 emission is about 40% in the United States and
Canada fronthe 2012 level by 2025, and the regiotiat comprehend the most
important automotive markets in the world will have a target to meet an average
CO2 emission of about 100 g/K#l.

To meet the requirements, over the past 20 years, automakers have invested in
many incremental technologies to reduce CO2 emissions. The development of those
new technologies focused on optimizing the internal combustion engine, including
direct fuel injetion, engine downsizing combined with the gearbox down speeding,
engine cylinder deactivation, and engine s$&op [88], [89]. These technologies,
combined withweight reductiorthrough the application of new materials and body

design techniques, vehicle aerodynamics, and the development of tires with
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improved drag resistance, were the most critical enablers of CO2 emission reduction
in the past yearf®0].

However, in 2018the EPA estimated that only 25% of the vehicles sold at that
time were able to meet the 2020 requirements, and only 5% would be able to reach
2025 needs which about 50% of these cars sold in 2018 used a gasoline engine
serving as the main propulsion. Of th&b &ble to meet 2025 requirements, all are
pure electric vehicle®0].

The adoption of the electrification of the propulsion system is hence mandatory
to meet the CO2 emission targets of 2025. The electrification of the propulsion is
defined as the utilization of "more electrical energy to power traction and non
traction loals of the vehicle[91].

The electrification of the powertrain consists of the addition of electric machines,
batteries, and power electronif@2]. The electric machines have a high torque
response, relatively low cost, and high power density, which facilitate a wide range
of installation possibilities in the propulsion systdmwever the cost of permanent
magnet machirseis expected to risshortly due to the risén the cost of rare earth
material[93], [94]. On the other hand, batteries are still relatively expensive, and
there are many complexiti@gsbattery installation in the vehicle. In many cases, the
vehicle platforms are developed uniquely to accommodate internal combustion
engines and conventional gearboxes, which create additional complexity for
integrating electric machines, baties, and charging featureg\utomakers and

suppliers frequently facthe challenges of developing powertrains that improve
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vehicle propulsion energy efficiency, reduce greenhouse gas emissions, meet
regulatory requirements, and achieve business profitability and economy of scale.
This chapteraims to present a comprehensive review of electrified propulsion
systems It presentghe propulsion system from its definitions and subsystems,
detailing the degrees of electrification and the possible architectures to be designed
combining electric motors. The f@mtialoperational modes for each architecture are

also presented, dividing them into primary and secondary operation modes.

3.1 Vehicle Propulsion Subsystems

The definition of the powertrain consists of a system in which a group of
components work together as a system and deliver power and torque to the vehicle.
The powertrain system is sometimes split into two different categories: powertrain
T responsible fomproviding the torque and poweand drivetrain or driveliné
responsible for transmitting the power and torque to the wfggldn thischaptey
the powertrains calledthe propulsion system. The propulsion system is one of the
systems which integrates a vehicle. Ttlimpterproposedividing the propulsion
system into four subsystems: the power unit, the driveline, the energy subsystem,
and the thermal subsystem. Eadbsystenis defined by the group of functionalities
that the subsystem perfornSigure 3.1 shows an example of a phig hybrid

vehicle propulsion system.
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Figure3.1: An electrified powertrain subsystem configuration example

Figure3.2 shows the organization of the propulsion system and the hardware

organized as subsystems.
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Figure3.2: Propulsion System Breakdown Structure.

3.1.1 Power Unit Subsystem

The power unit subsystem: the internal combustion engine (ICE), the electric
machines (EM), the inverters (AC/DQ)also called the power inverter module
(PIM), and the DC/DC booster.

The power unit subsystem provides power to the vehicle for propulsion and
auxiliaries.The internal combustion engine (ICE) is the primary power source in

conventional carsElectric machines are the primary power source in electric
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vehicles, including batterglectric and fuektell vehicles While in hybrid, plugin
hybrid, and rangextended vehicles, the ICE and electric machines provide power

[95].

3.1.1.1 Internal Combustion Engine

The internal combustion engine, ICE, produces power through a thermodynamic
process, burning fuel. The ICE is a complex mechanism with many mpantg

The combustion of the fuel produces the thrust force in the combustion chamber (the
cylinders), translationally moving the pistons and turning the engine crankshaft. The
engine crankshaft has two outputs: the fremgine accessory drive (FEAD) ating
engine flywheel (or heavy disc). The FEAD connects with the alternator, the
hydraulic steering pump, and the-aonditioning compressor via engine kelhd
pulleys [96]. The flywheel (or heavy disc) has three main functions: to keep the
engine balanced due to the inertial of the disc, to deliver power to the vehicle wheels
through the transmission, and to crank the ICE with the s{aif8].

The engine can be of a spark ignition type or a compression ignition type,
depending on the fuel that the engine is designed to operate. The most common type
of spark ignition operation cycle is the Otto cycle. Gasoline is the most common fuel
used on thigype of engine, but ethanol, methanol, and natural gaaslsraised in
this type of engineThe sparkgnition engine can also be a fléxel type when the
ICE can operate with two or more fuels of the listed aj9g [100]

In electrified propulsion systems, the engineoften designed to operate in

different combustion cycles, such as the Atkinson and the Miller cycle. The
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Atkinson cycle consists of a short compression stroke combined with a longer
expansion stroke, making this the ideal cycle for &pged and low torque engine
operation, which is the primary vehicle operation mode in urban traffieefidiee’s
overall efficiencyis improved when working in the Atkinson cycle. However, the

peak power performance reduces for all engine operation sji€®dds

3.1.1.2 Electric Machines
In electrified powertrains, traction machines are applied in the propulsion system as
the primary source of power and torque to the vehicle or work to assist the ICE
during accelerations and regulate the engine speed for higher fuel efficiency. The
traction machines are also responsible for processing the electrical power flow in the
reverse direction during the regenerative braking or propelled by the internal
combustion engine during charging, converting mechanical power to electric power
as generatorfd 02].

The alternate current (AC) machine type is the predominant technology applied
to electrified propulsion systemsych apermanent magnet (PM) machines, such
as thosen the Toyota Prius. Nissan Leaf and Chevy B@dl03]i [105], and the
induction machines (IMj such as applied in Tesla Model S and Modd[LB6],
[107].

Meanwhile, switch reluctance machines (SRM) are intensively researched,
showing a good potential for traction application in electrified vehiclesd are
gaining ground in electrified powertrain systems such as electric parking lock

actuators and integrated starter generdid)8]i [112].
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The PM machine is the most used electric machine type applied in automotive
propulsion systems, mainly because this type of machine provides the best
efficiency. The PM machine also offers the best power density, which requires less
packaging space. This iespecially beneficial for traction applications since the
electric machines are installed inside the transmission. However, the PM machine
has a higher cost due to the intense usage of rare earth materials. Theealstays
flux from the permanent ngaets also results in high back electromotive force
(EMF) at highspeed angdin cases of winding shedircuit, could lead to hazaods
situations when control fai[d413]

The IM machine, when compared with the PM machine, operatadoater
power factor and lower efficiency. IM machine has the advantage of lower cost and
more straightforward@onfiguration, as the squirrel cage rotor does not contemplate
permanent magnets, typical of asynchronous machines. The design and control
techniques for IM machines have been mature for depaties compared with PM
machines, they can operate at higher speeds singeapeets generate no back
EMF. However, to generate torque, thexalways a speed gap, i.e., asynchronous,
between the rotor and the stator magnetic field, and the rotor resistance must be
estimated, reducing the accuracy of the motor control. The IM machine also
increases the drag resistance to the vehicle motion thieemachine is operating
above the synchrono@peed when it is not power¢til4].

The SRM machine has the simplest angtmobust design arttie lowest cost.

It utilizes the reluctance torque between the salient stator and rotor teeth for
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propulsion. However, due to the significant torque ripple generated between phase
transition, noise, and vibration propagation caused by the radial forces of the
machine, this type of machine is not often directly applied to the traction application
In contrast,they are currently more used as actuators and motors/generators for
smaller power electrified propulsion systems in passenger vehicles. They are also
more accepted in commercial vehicles due to their robust performance and fault
tolerant charactestics[109].

Figure3.3 shows a comparison of the three basic electric machine architectures.

§
7

Secondary' 7 NN

Conductor

Figure3.3: Common schematic types of different electric motor architectures

[115]

3.1.1.3 Power Inverter Module (PIM)

The inverter is a power electronic device whose primary function is to convert DC
into AC to drive the electric machine or vigersa when the electric machine works

as a generator. When applied to the vehicle power unit subsystem, the inverter
converts ACto DC from the electric machine to the battery while the electric
machine is operating as a generator during regenerative braking or engine charging

and DC to AC from the battery to the electric machine, when the EM works as the

78



primary source for propulsion, or to provide power to assist the ICE. A total of six
main parts make the automotive inverter. the switching devices (IGBT and
MOSFETS, for example), the diodes, the gate driver, the capacitor, the inductor, the
bus bars, andhe controller. Widédand gap semiconductobased on Silicon
Carbide (SiC) or gallium nitrate (Gan) have been researched and developed recently
to improve the efficiencies of automotive electric drive uplist].

The switches are controlled by the gate driver to supplybinase AC current
into the machinevinding. Typically, two switches are used per qase leg, and
PWM techniques are applied to control the switching sequence. Diodes are used in
parallel to the switches to protect the switches and allow reverse flow of current
during regenerative braking or fault conditions. The capacitor and induetosed
to stabilize the DC link voltage and filter the current waveform. Finally, a
microcontroller controls the gate driver and provides a diagnostic of the machine

status to the uppdevel vehicle eleconic control unit (ECU]116], [117]

3.1.1.4 Booster (DC/DC)

As the name indicates, the DC/DC converter steps up or down the DC viltiage

the DC/DC is part of the propulsion system, the primary function is to perform the
buckboost mode, which stabilizes the apparent voltage to the inverter and extends
the base operation speed of the machine, resulting in an extended peak torque curve
This can be a costaver compadwith adding more expensive battery packs, as it

offers more flexibility on the voltage selection of the battery pack. High DC link
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voltage also boosts the EM efficiency as less current is needed for high voltage to

achieve the same amount of pokt8].

3.1.2 Driveline Subsystem

The driveline is the subsystem that allows the propulsion system to meet the
following drive commands: stay stationary when the vehicle sbypshe engine is
running idle, achieve and perform the transition fromctatmobile state, control
the vehicle forward or backward state, perform the torque and rotational speed
adjustment at different vehicle speeds smoothly, and compensate for the wheel speed
variation on the same axle while the vehicle is cornering. The @oemis of the
driveline subsystem include clutches, torque converter, differential, driveshaft, and

transfer casg7].

3.1.2.1 Transmission

Transmission is used to adjust the driveline output torqueSpadd to fit the
engine characteristicas the engine has low efficiency outside limited regions.
There are two types of automotive transmissiananual and nomanual. In
manual transmissions, the driver shifts the gears manually, whether on the non
manual; the engaged gears are changed automascalbpntrolled by a controller
depending on the driving conditiofisL9].

Manual transmission is the most common transmission used, with the most
uncomplicated design, lower cost, and smaller space claimed. Manual transmissions

are usually the choice for many vehicles sold in growing automotive markets such
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as South America and India. Many small vehicles in Europe also implement manual
transmissions.

In nonmanual transmissions, the most common transmission is the automatic
transmission (AT) with a set of planetary gears. Others include automatized manual
transmission (AMT), duatlutch transmission (DCT), and continuous variable
transmission (CVT).

The AT is the most common automatic transmission. This type of transmission
is coupled to the engine principally by a torque converter, and the gear ratios are
built with a set of planetary gears. The AT provides smooth shifting and better
drivability whencompared to the others. However, AT is the transmissiontigth
higher cost and worst transmission efficiency due to the torque coru&@gr

The AMT is a robotized manual transmission. This type of transmission has the
same internal layout as the manual transmission; however, the gear shifting is
controlled by an electronic control unit (ECU), which controls a hydraulic system
that actsoverthe shifter inside the transmission, shifts the gears, and manages the
clutch. This systerhas a relatively low cost comparedni@nual transmission but
has the main disadvantage of a "torque gap feeling” while shittir8j [121)].

The DCT uses two clutches and two primary shafts: one for the even gears and
the other for the odd gears. In this type of transmission, while one shaft is engaged
to the engine, the transmission controller selectS&ée of the other primary shaft.

When the gear shifts, the né¢ar is already set, reducing the shifting time and the
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torque gap feeling while shifting gears. The DCT can be coupled to the engine using
dry or wet clutchegl19], [122]

A transmission capable of continuously varying the speed ratio between the input
shaft and the output shaft without discrete gear ratios is definea GQgT
transmission. This is also called shiftless transmission or stepless transmission. In
the CVT, a belt and variabldiameter pulleys or toroidal roller are implemented to
create a continuous speed variation between the higher engine speed and the lower
output wheel speed. The continuous shifting mechanism makes it possible to keep
the engine operaty at the maximum efficiency region for a broader range of torque
and Speed improvingthe vehiclés fuel efficiency. The coupling element can be a
dry or wet clutch or a torque converf&i 9], [123]

Figure3.4 shows a typical propulsion system of an AWD vehicle equipped with

ICE only.
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Figure3.4. An example of typical driveline subsystem components

3.1.2.2 Clutch

The primary function of a clutch is to disconnect the power unit from the
transmission and, therefore, from the driveline subsystem to allow the power unit
to operate idle while the vehicle is not movinguili enablethe Gear shifting when
the vehicle is moving. Dryand wetclutches are the primary clutches used in
automotive transmissior[97]. The dry clutch is a primary application for MT,
AMT, and DCT, while the wet clutch is more utilized in AT, DCT, and CVT. The
wet clutch allows a better thermal performance against theldtgh, while the

dry-clutch provides better efficiency in conviag the torque an8peed124].
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3.1.2.3 Torque Converter

The torque convertealso named the hydrodynamic torque converter, is a
component filled with oil, which transmits torque using the viscosity oil through a
conversion from mechanical energy to hydraulic energy by the impeller and then
from hydraulic energy back to mechanieakergy by the turbine bladgk20]. The
torque converter is composed mainly of three elemegsturbine - the driven
componentthe impeller - the driver componentand the stator, which assists the
torque conversion function. A locker is used in the torque converter to improve the
efficiency of the torque converter during steadste operations, such as in

highway conditions, eliminating the twsiep energy convam proces$125].

3.1.2.4 Differential

The differential is a mechanical element that allows the two wheels of the
same axle to rotate at different speeds while the vehicle is cornering, providing
appropriate distribution of the forces to the wheels. A type of locker can be added
to the differemial to limit the differential effect when one of the wheels is slipping.
The locker differential can provide additional torque to limit the differential impact
or fully lock the differential to allow the drivetrain to propel both wheels with the

same torge[125][97].

3.1.3 Energy Subsystem

The energy subsystem: the battery packl the DC/DC converter. The

auxiliary power module (APM), and the power distribution center (PDC). In the
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case of chargeable electrified vehicles, the charge port and AC/DC chge@dso

called onboard charger modulé©®BCM).

3.1.3.1 Battery

In automotive applications, the battery is a portable source of electrical energy
for vehicles For vehicles equipped only with an ICE as a power unithatiery's
primary functionis to power the engine cranking and to balance the power of the
electric loads of the vehicle. In electrified vehicles, the battery is part of the
propulsion systegrworks as an energy storage source for the poweramaitstore
the recovered energy from regenerative braKt@g].

The battery in the electrified propulsion system is an integration of multiple
chemical cells, connected in series and in parallel, to deliver the appropriate power
at the desired voltage and stine properenergy. This integration of cells is named
battery pack126]. Battery pack&eepthe chemical energgt a specific voltage, and
the output electric power is delivered in the DC forméie components in a typical
battery pack include cells, modules, current and voltage sensors, bus bars, cooling
plates and tubes, cover plgteontactors, high voltage (HV) connectors, HV fuses,
and the battery management system (BM3Y], [128]

The key characteristics of the battery pack are the power density that determines
the charging and discharge rate and the energy density that determines the electric
drive range. However, these two characteristics are typically-tfsleFor hybrid

vehides, the power density is an essential characteristic of the battery, while for
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electric vehicles, the energy densityniest importantFor plugin hybrids, a balance
between the two aspects is necesfbz§] [102].

There are different types of battery chemistries utilizedthe automotive
industry, and they differ by the base chemistry and, consequently, the energy and
power density andost. For traction applications, the most utilized batteries are the
Nickel Metal Hydride (NiMH) mostly used by Toyota in its hybrid vehicle, and the
Lithium-lon type, the dominant traction application technoldgjthin the lithium
ion technology domairgifferent types of materials argilized on the positive or
the negative elémde. Table 3.1 shows the most common tygpef anodes and

cathodeg114].
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Table3.1: Lithium-ion battery cathode and anode typical matefia9)].

Cathode

Nickel (LNO)

Cobalt (LCO)

Manganese

(LMO)

Iron-phosphate

(LFP)

Nickel-
manganese

cobalt (NMC)

Nickel-cobalt +
Aluminum

(NCA)

Anode
Non-Carbon
Carbon Material
Material
Silicon Based Non
Graphite
Composites Graphite
Synthetic
Nitrogen Soft Carbon
Graphite
0 "WYd Hard Carbon Natural graphite
Lithium Metal
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3.1.3.2 Auxiliary Power Module (APM)

There are multiple applications for a DC/DC converter in automotive systems.
Except for the DC/DC converter used in the power unit, they are also widely
implemented to charge battery and power auxiliaries. This section focuses on the
DC/DC converter as pgof the energy subsystem.

When the DC/DC is part of the energy subsystem, the primary function is to convert
the DC current from the higtoltage battery to charge the auxiliary battery. Another
vital role of the auxiliary power module (APM) isdtabilize the auxiliary battery's

voltagewhile the battery receives a higlower demangiL31].

3.1.3.3 Onboard Charger Module

When used as part of the energy subsystem, the invgréeatesas a battery
charger, converting the AC current from the grid to charge the battery with a DC
current. In some cases, the inverter can fgbrbctional, allowing the vehicle battery

to provide power to the grid of charge other applicat[@B8].

3.14 Thermal Management Subsystem

The thermal subsystemthe radiators, electric pumps, fans, heaters,
compressors, chillers, etc. The thermal subsystem is a large standalom@dipic

not part of thischapter'scope. Readers may refer to separate wtlds], [134]
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3.2 Classifications of Electrified Propulsion System

This section aims to provide a general understanding of the different degrees of
electrification and their definitions, introducing the concept of primary and

secondary operational modes ofedectrified propulsion system.

3.2.1 Electrification Degree

The most common way to classify a hybrid vehicle is by the electrification degree
[97]. These classifications are based on three different factors: thamagability,
the hybridization factor, and the operational modes enabled by the electrification of

the propulsion system.

3.2.1.1 Plugin Capability

The plugin capability is the possibility of the vehidbeingconnected to the
grid to charge the battery and use the energy to power the electric machines. Based
onplug-in capability, electrified vehicles can be categorized into two main groups:

non-plugin and plugin [114].

3.2.1.2 Hybridization Factor
The hybridization factor is proposed [35] as the ratio between the total
electric power available divided by the full power availaliguation (3.1)

represents the hybridization factor (HF) mathematically.
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Tl 3.1)

Where:
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The hybridization factor is an excellent metric to quickly analyze the effect of
electric power on the fuel economy, where the higher the hybridization factor, the
higher the fuel economy tends to be.

However, this ratio is valuable only for a naplugin vehicle. For plugn
vehicles, as part of the energy is from the grid, it is also necessary to analyze the
relation between the energy from the grid and the total energy consumed by the fuel
and grid éectricity. In[136], the authors defined the phirg hybrid electric factor

Pihef in the form of the Equatid.2):

5 e (0] (3.2)
e
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3.2.2 System Operational Modes

The traditional powertrain equipped with an internal combustion engine and
transmission has two main operational modes: ICE maedeen the power supplied
to move the vehicle comes from the internal combustion engine; and fradf cut
when the fuel injeion is shutoff while the vehicle is deacceleratifi37].

The electrification of the propulsion systems, depending on the electric
machine position and total electric power, will enable other operational modes.
Primary and secondary operational modes are the proposed classifications for the
new functions of thelectrified propulsion system. The primary operational modes
are the functions directly associated with the reduction of fuel consumption. The
secondary operational modes are the functions related to the optimization of fuel
consumption, drivability improwaent, increased comfort and safety, and

enhancement of dynamic performance and handling.

3.2.2.1 Primary Operational Modes

Stopstart (SS) the ICE is shubff while the vehicle is stopped or stopgand
stars again when the driver presses the clutch pedal in manual transmissions or
releasethe brake pedal on automatic transmissions. In some conditions, the engine
restarts after reaching a certain vehicle speed while the electric machine propels the
vehicle before thgtL38].

Electric torqueassist (TA)i the EM provides power and torque to assist the ICE,

improving the overall system efficien¢39].
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Regenerative braking (RB) The EM provides a braking torque during
decelerations, converting kinetic energy into electric energy. Then energy
accumulates in the form of chemical energy in the battery [14€R.

Generator mode (GM) the EM operates as a generator, powered by the ICE,
charging the battery pack or creating a power flow to anotheflE1j.

Pure electric drive (PE) the EM provides torque and power to the wheels to
keep a constant speed or accelerate the vehicle. There are two types of PE mode:
limited PE (LPE) pure electric propulsion with limited range gretformanceand

full PET pure electric propulsion that can provide total vehicle performidcs.

3.2.2.2 Secondary Operational Modes

The secondary operational modes are functions enabled due to the different
approaches taken in the propulsion system torque management and its distribution
to the vehicle wheels. Some of these operating modes irtiygafiiel economy of
the vehicle; others can enhance the drivability of the car by improving the engine
cranking time, the torque response in the wheels to the driver's command, or the
feeling of rolling resistanc& he comfort can be improved mostly by reidgdNVH
or improving the drivés perception of vibration in traffic jam situations.
Performance and safety are added by managing the different sources of torque,
controlling the torque distribution to the wheels, enhancing the accelerations, and

handling control at cornering maneuvers.

92



Table3.2 presents thdefinition of secondary operation modes and how each of
them impacts vehicle performancéhe definition of each of the secondary

operational modeis presenteés follows

3.2.2.2.1 OnePedalDriving

Regenerative brakings when the brake pedal is fully released, and the
accelerator pedal has a negative variation, indicating the driver desired to reduce
the vehicle speed and the vehicle is performing any level of braking using the
electric machineg143]
3.2.2.2.2 Power Split

In architectures with two or more electric machines, one machine operates as
a generator, while the other serves as a motor to optimize the operation of the
internal combustion engine to its best specific fuel consumption redbAl.
3.2.2.2.3 E-smoothing

Torque gap filler during gear shift or turbo 1§t45], [146]
3.2.2.2.4 Cold Cranking

Cranking the engine without the utilization of an enginenfheel starter at
any temperature condition, up-#0°C [147]
3.2.2.2.5 E-Coasting or €ailing

The engine is decoupled from the drivetrain and maintained idle, or the engine
is off, with no fuel burning, at high vehicle speeds when the driver releases the

accelerator pedal complete[}148]
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3.2.2.2.6 Advanced StafStop

The ICE is turneaff at speeds higher than 0 km/h (extended-staft) when
the driver preses the brake pedal and can bestarted at vehicle speeds above 0
km/h when the driver releases the brake pedal compl§td9]
3.2.2.2.7 E-launch

Pure electric propulsion motion at very low speeds, usually bellow 20 km/h
[150]
3.2.2.2.8 ZEV Mode

Pure electric propulsion when the driver selects the EV mode button. ICE will
be cranked whethedriver preses the accelerator pedahnd the electric machine
is not capable of providg the demanded power and torq[ib1]
3.2.2.2.9 E-Creeping

Limited pure EV performance to support vehicle stop and go, longjmed
motions during traffic jams, and parking maneuvgrS2], [153]
3.2.2.2.1(E-Boost

Additional transient torque and powarcluding the electric machine and the
internal combustion engine torque and power, will improve the vémceximum
output power, acceleratioand maximum speefil54]
3.2.2.2.11E-Burning

In architectures with two or more electric machines, one machine operates as

a generator, and the other servers as a motor, operating very inefficiently, with the
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purposeof buming electric power during regen (to avoid battery eveltage) or
to generate heat to warap the propulsion system in cold weather.
3.2.2.2.12Torque Vectoring

When to electric motors are on the same driving axle and powering different
wheels, additional torque (positive or negative) is applied to the wheels when the
torque domaircontroller identifies that the vehicle is not following its intended

path [154]
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Table3.2: Secondary Operational Modes of an Electrified Propulsion Systems

Benefits

One Pedal
o X X X
Driving
e-Smoothing X X X

e-Coasting or

e-Sailing

e-Launch X X X

e-Creeping X

e-Burning X X




3.2.3 Types of Electrified Propulsion Systems

The classification of electrified vehicles can be grouped by the different
degrees of electrification: micfimybrid electric vehicle (mHEV), mildhybrid
electric vehicle (MHEV), full hybrid electric vehicle (HEV), phig hybrid electric
vehicle (PHEV), rage extender electric vehicle (REEV) and pure electric vehicle
(EV) [91].

Table 3.3 presents a summary comparing the different degrees of electrification

according to the operational modes and agglnomy.
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Table3.3: Comparison of different electrification levels and vehicle applications

mHEV MHEV HEV PHEV REV BEV
(SS) + + ) - NA NA
(TA) +- + ++ ++ NA NA
(RB) +/- + ++ ++ ++ ++
(PE) - - +/- + ++ +++
Plug-in - - - + + ++
FE 2-5%18] Up to 20%8] 20-50%][8] 35-809%[155], >70%[157] 100%][8]
[156]
Vehicle Peugeot 208 Jeep Wrangler = Toyota Prius Pacifica Hybrid GM Volt [166], Jaguar
eHDi[158], [160], Mercedes = [162], [164], BMW i3 [167] iPace[168]
Appllcatlon Fiat Panda AMG GLE 53 Peugeot 3008 BMW X5 [165] Audi

[159], [161]

[163]

3.2.3.1 Micro-Hybrid Electric Vehicles (MHEV)

eTron

[169]

The micrehybrid systems, also named stsiitp systems, have the lowest degree

of electrification, where the vehicle is propelled only by the ICE, and a small electric

machine can be used to recover a small amount of energy through regenerative

braking [91]. The integrated starter generators (ISG) and belt alternator starters

(BAS) are the forms in which the miehybrid system can work in the propulsion

system. The operational modes associated with the mHEV vehicles are thtoptart

(SS), regenerative braking (RB), and generator mode (GM).
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The electric power installed is in most of the cases betwédW\Band improves
between 2%b% of fuel economy when compared with the base vehicle equipped

only with an ICE[91]

3.2.3.2 Mild Hybrid Electric Vehicles (MHEV)

The mildhybrid vehicles are the next level of electrification. In addition to
the SS and RB functions, the torque assist (TA) capability is the additional
operational mode with the MHEML1]. However, the electric machine alone is not
capable of propelling the vehidi#24]. The ICE is the primary source of the power
unit, and the electric machine provides power assist to the ICE to improve the
specific fuel consumption of the engine, improving the overall efficiency of the
system[125]. In MHEYV, the fuel economy can improwg up to 20% [114], and
in general, the DC voltage of the system is under 60V, and the installed electric

power is between-I5kW [91].

3.2.3.3 Full Hybrid Electric Vehicles (HEV)

The full hybrid propulsion system has the highest degree of electrification
compared with the micro and mild hybrid vehicles. The total electric power installed
is 30kW or more. In the full hybrid systems, both the ICE and the EM can provide
enough torquand power to move the vehicle alone. In general, according to data
extracted fronj170], full hybrid vehicles have a high voltage electric system (>60V)
and can improve the fuel economy by 40% or nmorgban driving conditions, such

as an FTP 75 cycle.
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3.2.3.4 Plugin Hybrid Electric Vehicles (PHEV)

The plugin hybrid electric vehicle is an HEV in terms of performance and hybrid
capability; however, with a larger battery and with the capacity to have the battery
charged by an external source, i.e., by plugging the vehicle into the pow]grid
A PHEV can improvéhe fuel economy by between-80%when compared with a
conventional vehicle. The total electric power of a PH&We same as that of a full
HEV, with a major30kW, depending on the vehicle size. In a PHEV, the engine is

also fully capable of powering the vehittemeet all required performandds0].

3.2.3.5 Range Extender Electric Vehicle (REEV)

The REEV is a type of PHEV; however, the REEV is better defined as an electric
vehicle with an extended range capability. A small engine, in combination with an
electric machine operating as a generator, is installed to charge theohaye
battery, increasing the electric range of the velijle

In the REEV, the traditional operational modes are not present, and the vehicle is
propelled only by electric machines. The total electrical power available should be
enough to guarantee the full performance of the vehicle. In REEVs, the operational

modesavailable are pure electric (PE), RB, and GM.

3.2.3.6 Pure Electric Vehicle (PEV)

The PEV, also namd battery electric vehicle (BEV), uses electrical power as the
only source of motion to propel the vehicle. In this case, the hybridization factor has
a maximumvalue equal to 1. In a PEV, only PE and RB operational modes are

present. Considering only the tattkwheel concept, the PEV operates at zero
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emission, and the electrification factor reaches 100% when compared to an ICE

vehicle, as it is only propelled by the electric mach@je[136].

3.3 Electrified Propulsion System Architectures

The electrified propulsion system's performance depends notoortlye size of
the componentthat form the subsystems but also onsy&tem layout or powertrain
architecture and thdype of operation of the architectur&he powertrain
architectureand operationwill impact the systers energy efficiency and the
performance of the primary and secondary operational modes.

The number of EMs in the architecture, the location where the EMs are in the
drivetrain, how they are connected via transmission devices from input to,output
and whether it operates in series, paratelseriesparallel modeare all critical
factors that determine the performance and operation of the electrified propulsion
system. The better choice of the architecture of a given product or a basket of
products should be the one that provides better-wéddor the specifid functional
objectives, with are driven by customers' desires, business, and regulatory
requirements.

This section aims toeviewthe possible propulsion system architectuaed
operationswhether it is a singlelectric machine architecture or a nugtectric
machine solution. It willgive a definition and classification of the different

electrified propulsion architectures following the electric machine positions.
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3.3.1 Hybrid Propulsion System Operation

3.3.1.1 Series Hybrid

The vehicle is propelled by a traction electric machine, while a generator group,
composed of an ICE and an EM, generates the electrical power that feeds the primary
traction machine.

The series hybrid operates in six different operational modes: (1) The traction
electric machine provides torque to the wheels using only power from a battery
(PEV), (2) the electric traction machine provides torque to the wheels using power
from a batteryand the generator group (SHARY, (3) the traction electric machine
provides torque to the wheels using power only from the generator group (SHEV
2), (4) the traction electric machine provides torque to the wheels using power
exclusively from the genem@t group and the exciding power charges the battery
(SHEV-3), (5) regenerative braking (RB, and (6) the generator group only
charges the battery while the vehicle is not moving, or while braking or coasting
(CH). Vehicle exampkeof a series hybrid are the BMWi3 extended range and the

Karman Fiskef171], [172]

3.3.1.2 Parallel Hybrid

The traction electric machine and the internal combustion engine can provide
torque to the wheels together or separately, and it is preferable to have another
electric machine primarily working as a generator be positioned on the drivetrain in

away that the engine can charge the battery in any drive confi2¢dh
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The parallel hybricarchitecture has mainly four operational modes depending on
the electrification level: (1) ICE provides torque to the wheel (ICE), (2) the traction
electric machine provides torque to the wheel (PEV), (3) the ICE and the traction
electric machine give toug to the wheel (HEV), and (4) regenerative braking-(RB
2)[114]. Examples of parallel hybrschre the Land Rover Range Rover P400e, the

Lincoln Aviator, and the BMW X5 530@.73]i [175].

3.3.1.3 SeriesParallel Hybrid

A seriesparallel hybrid, as the name says, is a combination of the series and the
parallel hybrid, and af97] presented, the serigarallel hybrid architecture can also
be seen as a blend of two basic parallel architectures.

This type of hybrid can operate either in a parallel mode when the EM and
the ICE work together or individually when providing torque and power to the
vehicle, or in series mode when one EM provides torque to the wheel while the ICE
and the second EM areovking as a generator unit to generate electric p¢izzt].

The seriegarallel architectures are also "more flexible" and controllable in the
ratio of power distribution, operation modes, and propulsion system architecture
[97]. Examples of parallel hybrsgre the Hyundai lonic, the Kia Nirandthe Jeep

Compasg176]i [178].

3.3.2 Single Electric Machine ArchitectureSMA

A common practice in the automotive indusigsyto name the architecture
type by the position of the electric machine in the system. The possible faaces

the electric machine aP0 or P1f, P1 or P1r, P2, P3, and P4.
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3.3.2.1 Position P1f or PO

The EM is connected to the crankshaft of the ICE as part of the front engine
accessory drive (FEAD) belt. At this position, the electric machine can be
disconnected from the transmissid79]. The minimum pulley ratio between the
electric machine and the crankshaft pulleys is defined according to the electric
machine torque and the engine crank peak torque. In contrast, the maximum pulley
ratio is set such that the EM top speed matches th€®gpeed. The ideal pulley
ratio should be selected at this interval and designed to maximize the fuel economy.

A typical layout of the PO architecture is presentefligure3.5.

Clutch Electric Motor

ﬁr{

Front ICE
Differential

Figure3.5: Electrified Propulsion System Single Machine Architecturi@&f or

PO.
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3.3.2.2 Position P1 or P1r

The EM is connected to the engine flywheel and has two mounting
possibilities- coaxial with the crankshaft, which means that the Speed of the electric
machine will always be the same as the ICE or geared to the engine flywheel with
a specific gear ratid\t this position, the electric machine can be disconnected from
the transmission. The minimum and maximum gear ratios are defined based on the
same principles as in the PO architecture. The ideal gear ratio is limited to this
interval to maximize the fuelconomy[180]. A typical layout of the P1 architecture

is presenteth Figure3.6.

Clutch Electric Motor
L
iE!;
:.-.

Front ICE
Differential

Figure3.6: Electrified Propulsion System Single Machine Architectur@&r or

P1.
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3.3.2.3 Position P2

The EM is coupled to the transmission and can be completely decoupled from
the engine; as illustrated in the torque path of the drivetrain, the EM is positioned
"after" the clutch or torque converter. In this configuration, the electric machine can
be plaed in different forms: coaxial to the primary transmission shaft or geared to
the primary transmission shaft. In the case of a DCT transmission, the electric
machine can be coaxial or geared but is connected to only one of the primary shafts,
i.e., eitherthe odd or the even shaft. In the case of a geared machine, the top Gear
will be calculated for the maximum required Speed of the electric machine such
that it is not higher than the maximum engine speed when the transmission is
engagedn the lowest possible GeHr81]. A typical layout of the P2 architecture

is presented ifrigure3.7.
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Figure3.7: Electrified Propulsion Syste®ingle Machine ArchitecturesP2.

3.3.2.4 Position P3

The EM is positioned on the secondary axle of the transmission or the transfer
case in AWD applications. In this case, the electric machine can be disconnected
from the ground only if a clutch is included in the torque path. In a P3, the EM is
subjectedexclusively to the speed reduction of the differential. There is the option
to connect the electric machine using a coaxial or geared approach. For the P3
architecture, the optimum solution will be designed to maximize the fuel economy.
However, if a cluth is not present at the torque path, the EM maximum speed
should be above the maximum vehicle spgll]. A typical layout of the P3

architecture is presentedkigure3.8.
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Electric Motor Clutch
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Differential

Figure3.8: Electrified Propulsion System Single Machine Architectur@s.

3.3.2.5 Position P4:

The EM is connected to the wheels directly by a dedicated gearbox with a
gear ratio and differential. The gearbox can be aseiftypel set of helical gears
with a primary and secondary shaft or a coaxial tyget of planetary gears. In this
position, differently from the other possible locatiervghere the electric maame
is installed in the engine or the drivetrain subsystéme P4 electric machine is on
a primary drive axle by itself. The P4 power unit can be single Gear orgealtj
and it is also possible to use a disconnected element such as a dryléaicia

typical layout of the P4 architecture is presentelligure3.9.
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Clutch Electric Motor

Front ICE Rear
Differential Differential

Figure3.9: Electrified Propulsion System Single Machine Architecturies.

3.3.2.6 Operatiomal Modesand Electrification Degree for SMA

Sections3.2.2.1 and 3.2.2.2 define the operational mode of the electrified
propulsion system as primary and secondary operational modes, respectively, and
provide an overview of how each operational moaféects the different
performances of the vehicle. This section provides all possible locations for the EM
in singlemotor propulsion architectures and gives its definitions. However, not all
operational modes are available for all possible EM positibaisle 3.4 andTable
3.5 show respectively, the primary and secondary operationahodes
applicability for each EM position in a single motor electrified propulsion system

architecture.
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Table3.4: Availability of Primary Operational Modes BMA

PO P1 P2 P3 P4
Torque Assist (TA) X X X X X
Regenerative Braking (RB) X X X X X
Generator Mode (GM) X X
Start-Stop (ESS) X X X
Pure Electric (PEV) X X X
Table3.5: Availability of Secondary Operational ModesSIMA
PO P1 P2 P3 P4
One Pedal Driving X X X X X
e-Smoothing X X X
Cold Cranking X X
Advanced Start-Stop X X
e-Motoring X X X
e-Launch X X X X
e-Parking X X X X
e-Creeping X X X X
e-Boost X X X X X
Torque Vectoring X X
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Table3.6 shows the electrification degrees for each possible EM positions is

SMA architecture.

Table3.6: Electrification Degree as a function of EM position on SMA
architectures

PO P1 P2 P3 P4
mHEV X X
MHEV X X X X
HEV X X X X
PHEV
REV
BEV X

3.3.3 Multi Electric Machine ArchitecturesMMA

Combiningat least two electric machines is essential to build an electrified

propulsion system capable of operating in a sepasallel, orseries/parallel

hybrid. It also enablesure AWD electric vehiclevhich is especially important

to reducethe complexity of underfloor packagingnd create more space for

battery packaging andehicle architecture sharing between pure electric and

hybrid vehicles.
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Another advantage of utilizing the dembtor architecture is the ability to
perform a fast warmup of the catalysts, reducing emissions during the cold phases

of the homologation cycles.

3.3.3.1 MMA Architectures EM Paositions

Usually, multi-electric machine propulsion system® developed with two or
three electric motors, deriving from the SMA architectures with the following EM
positions:PO, P1, P2, P3, and P4.

Variations of the MMA architectures are preseritethe following sections.

3.3.3.1.1 MMA Architectures derived from PO

Clutch Electric Motor

L
| "H'Di
‘k —
| X }
Front ICE Rear
Differential Dfferential

Figure3.10: POP4 MMA Architecture
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Clutch Electric Motor
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Figure3.11. POP2 MMA Architecture.
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Figure3.12 POP3 MMA Architecture.
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3.3.3.1.2 MMA Architectures derived from P1

Clutch Elactric Maotor
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Differential

Figure3.13: P1P2 MMA Architecture.
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Figure3.14: P1P3 MMA Architecture.
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Figure3.15: P1P4 MMA Architecture.

3.3.3.1.3 MMA Architectures derived from P2

Clutch Electric Motor

Front ICE
Differential

Figure3.16: P1P4 MMA Architecture.
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Figure3.17: P4P4 MMA Architecture.

3.3.3.2 MMA Architectures EM Positions
This section shows the possible locations for the EM in a smathine
architecture. However, not all operational modes and electrification degrees are
viable for all possible configurations.
Table3.7 and Table 3.8 show; respectivelythe applicability of the primary
and secondary operational modes each EM position in MMA architectures.
Table 3.9 showsthe electrification degrees for each possible EM posiiddMA

architectures.
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Table3.7: Availability of Primary Operational Modes MMA Architectures

Operation Modes POP4 P1P4 POP2 P1P2 POP3 P1P3 P2P3

Start-Stop (ESS)

X
>
X
X
X
X
X

Torque Assist (TA)

X X
X X
X X
X X

Regenerative Braking (RB)

Generator Mode (GM)

P
X
X
X
X
X
P

Pure Electric Mode (PEV) X X X X X X X

Table3.8: Availability of Secondary Operational ModesNtMA Architectures

POP4 P1P4 POP2 P1P2 POP3 P1P3 P2P3

One Pedal Driving X X X X X X X
e-Smoothing X X X X X X X
Cold Cranking X X X X X X
Advanced StartStop X X X X X X X
e-Motoring X X X X X X X
e-Launch X X X X X X X
e-Parking X X X X X X X
e-Creeping X X X X X X X
e-Boost X X X X X X X
Torque Vectoring X X
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Table3.9: Electrification Degree as a function of EM positionMMA architectures

POP4 P1P4 POP2 P1P2 POP3 P1P3 P2P3 P4P4

mHEV

MHEV

HEV X X X X X X X

PHEV X X X X X X X X

REV X X X

BEV X

3.34 Advanced Systemrchitectures

Various advanced electrified propulsion systems can be configured by utilizing
dual machines combined with multiple planetary gear sets or clutebemstance,
Toyota Prius implements two electric machines and two planetary gear sets to enable
the power split configuratiof114], [183]

General Motors developed the twwode hybrid system with two electric
machines, three planetary gear sets, and four cluftBé$ FCA used a planetary
gear set combined with a emay clutch to form the singlmput electronic variable
transaxle (SEVT) [185].

These advanced powertrains adjust the plangtsay set ratios to split the power
between the engine and electric machines, and clutches and brakes at® used
change the operational modékhey are all variants of a P2P3 configuration.

Enhanced fuel economy and performance can be achieved throughout a wide range

118



of vehicle speeds. Detailed analysis of these advanced electrified propulsion systems

can be found if183] [184], andFigure3.18illustrates their architectures.

Planetary  Planetary Single Speed Planetary  Planetary
Gearset 1 Gearset 2 Electric Motor Gearbox Gearset 1 Gearset 2

Front Electric Clutch ICE

Differential Motor
-Carrier

-Ring gear

Front ICE
Differential

. R @Sun gear
bun gear .ng gear .(_‘arricr

(a) Toyota Prius powesplit (b) Toyota Highlander Hybrid

architecture architecture using Ravigneau:
gear
Planetary Planetary Planetary Electric Planetary Planetary
Gearset 1 Gearset2 Gearset3 Motor1 G t1 Gearset 2 Electric Motor

ICE

- Carrier

Front Electric Clutch ICE Front Clutch
Differential Motor 2 Differential

Sun gear .Ring gear .('nrricr @Sun gear .Rlng gear

(c) GM two-mode architecture (d) FCA SFEVT architecture

Figure3.18. Advanced electrified propulsion architectures
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3.4 Propulsion System Architecture Selection

The selection of the most approprigieopulsion system architecture is an
interactive process made of multiple traafé analyss using requirements and
constraints as inputsith detailedstudyto feed a decision matrix that is used to
compare the different architectures against the functional objefi®&&ps

These requirements and constraints can be internal or external to the environment
of the project and are established to reflect the business and market goals, which are
translated into functional objectives. The functional objectives define what the
electified propulsion system should do and how well the system should perform.

Examples of functional objectives are the vehicle acceleration time, the vehicle
top speed, the vehicle fuel econgragd the ability of the vehicle to launch on grade
or full electric range and capacity to be charged from an external power g@#le

On the other hand, the design constraints define the barriers that the system
design and operation cannot cross for different reasons. The constraints of a
propulsion system design are an essential input to reduce the options of architecture
in the desigrspace, eliminating those that cross the boundaries of the constraints.

Examples of design constraints are the nature of the vehicle traction BX#D,

AWD, or RWD), the selection of required operational mo@esiconstraints that
the vehiclearchitecture might implement to the design of the propulsion system,
such asvailable space claim for packaging.

Figure 3.19 shows a summary of a propulsion system architecture selection

process.
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Figure3.19: Electrified Propulsion Architecture selection process.

With the functional objectives and the design space wholly defined, the
candidates are then studied in detalil. In this phase, virtual models of each of the
candidates are developed. The performance and fuel economy of each camdidate
calculated in an interactive looping of system simulation and component sizing to
optimize the ideal size of each of the components that are part of the propulsion

systemand that closely meets the functional objectives. In parallel, a bill of material,
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BOM, for each studied architecture is defined, and macro packaging feasibility is
performed for all the intended vehicles to receive the electrified propulsion system
under development.

The industrial and operational constraints represent batoidre manufacturing
and assembly process and alscude logistics challenges and limitations of the
supply chain. In this stage, DFM (Design for Manufacturing) and DFA (Design for
Assembly) are assessed to guarantee the architecture candisdiedesigned to
be efficiently and economically manufactuj@@8]. These constraints are used to
feed the economic analysis amdsome cases, to identify hard constraints for some
of the candidates, reducing the size of the design space even mor

The Economic Analysis includes the valuation of the system BOM and the efforts
and investments to develop and manufacture the system. The metrics evaluated in
this phase are the DMC direct material cost, the EDD engineering and
development cost, andehCAPEXT capital expenditure, which isecessary to
manufacture the components as$embl¢he subsystem and the system Economic
Analysis.

The results of the detailed studies and the economic analysis are listed in a table
calledthedecision matrix. This table is a muttimensional matrix used to compare
all the candidates against the initial requirements to make a recommeifioiativn
best architecture candidaterheet all the program targets.

Table 3.10, Table3.11, and Table 3.12 show, respectively, the exam@ef FE

and Emissions, economj@nd performanceomparison matrixed hose tablecan
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be used as a stang) point to evaluate the selection and application of an electrified
propulsion system for a certain vehicle or a group of vehicles, andviiexary

depending on the market region or type of vehicle.

Table3.10: fuel consumption, electric range, and emissions comparison.

Functional Objective Target Arch1l Arch2
EPA Combined
Mpg]
Label
EPA
(USA - EPA Combined
[Mpge]
© North Label
Q
3 America) All Electric
S
L : :
— Combined [mi]
S
E Range

EPA Combine [Mpg/M

CAFE pge]

EPA
Unadjusted [g/mi]

Combined CO2
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Table3.11: Cost and investment comparison.

Functional Objective Target Archl Arch?2

Engineering and

Development
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Table3.12: Performance comparison.

Functional Objective Target Arch1l Arch2

0-100 km/h

Passing maneuvel 60-100 km/h

30 minutes
Maximum Speed
continuous

Max Launch on

Grade (rewards)

Towing Capability max towing
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3.5 Summary

The electrification of the propulsion system is mandatory to meet all the stringent
compliance requirements. It not only allows the improvement in fuel economy and
CO2 emission but can also help to improve vehicle drivability, comfort, and safety.
Each prgulsion system architecture provides a different balance between the
various performances.

This chapterreviews the core components of electrified powertrains and the
stateof-the-art technologie$or each subsystem. To help the architecture selection
process, the electrified propulsion systems are classified based on the electrification
degree, types of electrified powertrains, and the operational modes, where primary
and secondary operational nesdare proposed. According to the number and
position of electric machines, various architectures of electrified propulsion
systems and their functiorere presented in terms of thempact on vehicle
performance and fuel economy. The selection of the most appropriate electrified
propulsion system is a multidisciplinary interaction process where technical and

business requirements should be taken into consideration.
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Chapter 4

El ectri ¢ Vehicl e Mod

The need for propulsion system electrification is increasing globally due to urban
restrictions on conventional vehicles and potential bans by-2080. CO2
emission regulations are prevalent in major automotive markets. UK studies indicate
lower ownerstp costs for Electric vehiclghanfossil fuetpowered vehiclesNith
mature lithiumion batterytechnology and cost in Europ@0% of new road vehicles
could be electrified by 2030, potentially reaching 100% in the small vehicle
segments (A and B segment{s)], [189]i [192] The current scenario of market and
regulation in all the important automotive markets is building the bridganto a
electrified futureas indicated in Chapter 2.

The wide range of road vehiclemcluding buses, trucks, light commercial
vehicles, and passenger vehicles, each with distinct segments and performance needs
[7], demands aystem design optimizatignvhichfocuses ormadequatly sizing the
propulsion system desigf7].

Chapter 3 indicates various architecture configurations for electrified propulsion
systems, with different degrees of electrification and electric machine quantities.
Vehicle performance and energy efficiency rely on the collaboration of multiple

subsysters The vehicle's capabilities hinge on the number ofinigiaxles electric

127



Ph.D.Thesisi Daniel Goretti L. Barroso McMasteri Mechanical Engineering

motors, battery energy and power, and the coordination of power electronics for
synchronizing multiple power units simultaneously. Consequently, electrified
vehicles are highly intricate systeifds, [9].
Figure 4.1 shows the interaction of different subsystems to perform the

propulsion system functions.

Chapter 3 also indicates the need for virtual models capable of simulating
multiple scenarios of what analysis and optimizations to determine the ideal
propulsion system architecture candidates and to size the subsystem of the

propulsion system.

Figure4.1: Propulsion System and the Subsystems interconnections.

Propulsion
System
‘ .

Py Charging

Bureaucratic and hierarchical organizations pose challenges to developing
optimal electrified propulsion system architectures and their subsystems and
componentg193], [194] These organizations heavily rely on human interactions

for information flow and knowledge sharing, which limits the exploration of what
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if scenarios and tradeoff studies. With hundreds of design possibiiépenihg
solely on the experience of a few enginedrss insufficient to findoptimized
solutions.

The transition to largscale production of electrified vehicles represents a
paradigm shift in the transportation industry, requiring knowledge development and
collaboration among OEMs and the supply chaBbb], [196] These factors affect
design quality, cost optimization, and decisimaking processes, which lack system
simulations to assess performance impacts and accommodate late design changes
throughout the product development cy§l€7]

Studies show that 85% of product costs are determined during the initial design
conceptphases, including architecture selection, component sizing, and supplier
choices[198]

The adoption of a modekentric approach, since the early stages of the
development, allows the application of a continuous loop of ddmidd-test
optimize in a virtual environment, performing many different design tradeoffs
within the propulsion systenboundaries and across the propulsion system
boundaries, creating a multidisciplinary virtual domain. This process can occur from
the beginning to the end of the development cycle.

A modetcentric approach enables continuous design optimization within the
boundaries of the propulsion system, extending to a multidisciplinary virtual
domain. This approach spans from translating requirements into targets to freezing

component designs fomanufacturing and production, covering the entire
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development cycle. In 2007, authors highlighted the need for tools to model electric
and hybrid vehicles, including embedded software and vehicle dE18ieg

While market tools now support performance and fuel economy analysis,
integration of these tools and methods for a modatric development approach
remains lacking.

This Chapter reviews a modehsed engineering approach and an electric
vehicle model. The Chapter also verifies the correlation of the model results with
physical results, available gR00]. The chapter demonstrates the dynamic
responsiveness of the model, ensuring reliable results for design choices and energy
efficiency assessment, as well sgftware and controtalibration of various

subsystems

4.1 Model-Based Design Engineering

4.1.1 ModelBased Design Engineering

Models are a very unexpansive téot investigating the many details of a system
with all the subsystems and components, capturing complexities at many different
levels of design complexityand hiding or exposingetails and complexities as
needed. Executable models, at any levebghisticationallow to perform tradeoffs

and whatif analysis at any stage of product developmentmercitthe execution

of verifications and validations of the design in the initial stages of the development,
fully or patially virtual, reducing the risk and the cost of changes. There are multiple

levels of modeling complexity and techniques. The choice of the modeling method
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and the level of complexity will depend on the end goal of the model simulation
[201].

Different types of models are used based on the desired outcomes. Models can
be classified according to the number of dimensions employed. Some models focus
solely on the time domain without spatial consideration (OD), while others
incorporate spatial dinmsions alongside time (1D). AdditionallgD and 3D
models encompass two or three spatial dimensions (X, Y, Z), and 4D raodeist
for all three spatial dimensions in the time domain. 1D simulations are particularly
effective in representing complex stgms and capturing interactions between
various subsystems and compong¢a@z)].

Modektbased design engineering (MDB) is a method that focuses on developing
controls, signal processingynamics systems, and communication in a model
centric manner. It proves most effective when applied to complex systems like
aircraft or electrified propulsion systems. MDB facilitates information sharing and
serves as a workspace for the engineering t@asign decisions and changes are
captured through modifications in the model, which then propagate to other models.
By utilizing knowledgebased engineering processes, these modifications ensure
that all models reflect the latest information while safeding intellectual property
and preserving generated knowled2@s3].

Models, at any level, are linked with requirements in a wayntla&es it possible
to keep traclof design decisions while making sure that the design meets the product

criteria. In the MBD approachthe model increases stcomplexity along the
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development process, and the complexity can be hidden or exposed, depending on
thestudy's focu$203].
Figure 4.2 shows howthe model increase complexity dumg the \‘Cycle

development process

Functional Objectives
and Constraints

Architectures

Start of
Production

Vehicle full Operation and mass production

Feasibility

Vehicle Validation and Homologation

System
Operation

Propulsion system Verification

System Calibration

System
Verification

Bench and Dvno
Design Verification

Figure 4.2: Simplified system development approach applied to propulsion system
development.

In the MDB approach, the model captures all the design information, such as
requirements, test scenarios, and any database with any relevant information, such
as efficiency maps and control strategies. The model of the system allows the
simulations to chek the design and subsystems' performances and define their

interactions. During the architecture selection phase, the model provides a very low
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cost way of testing ideas and learning about the system; at the same time, tradeoff
studies compare the different possible solutions of the design space.

Model elaboration is an interactive process of creating a model frorrievigh
architecture to detailed design. As the model increases its complexity, a virtual
prototype, or digital twin of the product, performs a continuous loop of test and
verification of the system.

Using scripts and optimization tools, these tests could be automated to perform
repetitive tasks, accelerating the development time and improving the issue
resolution process. Models are also a way of pasafiegmation and knowledge
and serve adesign documentatio

In MBD, different methodologies utilize models to test and validate systems.
Modetin-the-loop (MiL) involves the model representing the system's hardware
features, while the controllanears the system's logic. In Softwairetheloop
(SIL), the controller logic model is replaced by the actual control code intended for
embedding in the physical controller processor. Procésgbe-loop (PiL) tests the
embedded code in the processor itselardwarein-the-loop (HiL) simulation
connects a redglme computer to #electronic control unit(s) (ECU) to simulate the
plantand validate the controlleusing appropriate analog, digital, and CAN signals.
Driver-in-the-loop integrates a real driver into a driving simulator to simulate real
world driving conditiong204], [205]

This research uses MiL and DiL.
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4.1.2 System Simulation Models

There are two types of system metkrhniqus for application inMBD, classified
according to the speed and torque propagat@nwardfeeding and backward
feeding[206]. The application of each model hadifferent fit depending on the
purpose of the modeling.

The Backward Model, the average operating point or kinematic model, employs
driving cycles to input speed and grade, while torque (or force) and speed propagate
from the wheel to the propulsion syst¢a07]. This model is commonly used for
initial component sizing208]. However, the backward model is static and cannot
capture dynamic effects like rotational inertia, inductance, and thermal propagation
Additionally, it cannotsimulate complex electrified propulsion systefigure4.3
illustrates a higHevel backward model, whilg=igure 44 demonstrates the

propagation of force and speed in a simple electric vehicle.

(T, W)
w .
Drive-Cycle »  Vehicle » Propulsion
t t System
Speed Vehicle Loads Power Unit
Grade Wheels Drivetrain
Time

Figure4.3: Backwards model simulation flow concept.
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Figure4.4: Backwards model physicplropagation.

The Forward Model utilizes a driver model to comphedlesired speed with the

actual vehicle speed obtained from the plant model. This model captures dynamic

phenomena and incorporates variables that can be measured in the real world. It also

requires a supervisory controller model to develop and test cunticilons of the

propulsion system, enabling designers to optimigerdions and logic for

minimizing energy consumptid@09]. Figure4.5 depicts a higHevel system model

using the forward approach, whitggure4.6 illustrates the propagation model within

the propulsion system of a basic electric vehicle.
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Figure4.5: Forwardmodel simulation flow concept
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Force are propagates from power

| unit to the wheels
F T T i
- L : : |
H ' b
: v R icDri W :
+  Vehicle ) Wheel : 1 Transmission "~ Eleca:‘i:tgm’e 1 Battery sog

the power unit I

Figure4.6: Forwardmodel physical propagation.

4.1.3 Plant Models

Accurate component modeling is crucial for successful powertrain models since
a powertrain comprises various components. The modeling methods can differ
depending on the component, typically categorizedstatic, quasistatic and
physicsbased models.

Quasistatic Models assume static behavior at each moment and linearize non
linear problems. In propulsion system modeling, these models simplify the process,
reduce computational time, and maintairepresentation of physical phenomena
inherent to the system's behavior. For instance, energy consumption is calculated
through efficiency maps interpolation, component limits are modeled using 1D
tables, andalgebraic equations represent dynamic effefhese models employ
look-up tables derived from experantal testing. Quasitatic models are preferred
when modeling complex powertrain systems that are not the primary focus of

interest in the simulatiosincetheir transient (dynamic) response is limif2do].
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Physicsbased Models are employed when analyzing the dynamics of a
component of interest. These models are constructed based on the governing
physical laws of the componeri@ynamic models utilize differentials, algebraic
equations, or lumped coefficients to approximate the component's behavior. Most
variables influencing the component and system behavior are included in dynamic
models. They are commonly used for modeling B@&chines, converters, and
batteries (using electrochemical mod¢&)1].

Static Models: Static models assume a constant state without dynamic effects

[212].

4.2 Modelling

This sectionpresents the modeling equati@m the model used in this research
A onedimensional simulation model developed in Simulislikpwnin Figurea.7,

wasdeveloped for this research

Powerirain 1

Figure4.7: OneDimensional propulsion system modelling.
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The driver model uses a proportional integral derivative (PID) in a closed loop
forward simulation model to maintain the vehicle simulated output speed close to
the target speed from the driving cycle. The output of the PID controller produces a
simulatedaccelerator or brake pedal signal to the propulsion system controller,
which then commands the torque to actuators (electric machines and brake calipers),
which are modeled in the plant model.

Figure4.8 presents the layout of the closledp onedimensional model.

Torque
Accelerator Pedal ” Demand Hljrll“ltw!v »| € C‘:(T e
Target Speed /—\ > Calculation
4
gl k Brake Pedal 4 S, N I"
b L

e e e \\
Vehicle ]

E-machine torque

Simulated Speed

Brake Pressure

1
1
I
1
1
I
]

Powertrain Vehicle
(Propulsion System) /

Plant Model

Figure4.8: Layout of the onalimensional simulation model.

4.2.1 Plant Model

Roadloads encompass the inherent losses associated with the vehicle's forward
movement, including aerodynamresistancgtire rolling resistance, and grade

resistancg213].
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The electric vehicles' longitudinal dynamics can be expresseédjmtion(4.1),
assuming no slip occurs on the wheels, and usiggaatervehicle model as a
reference.

T

a0 G DBET 0ATNO 60 60 (4.1)

Whered is the vehicleequivalentmassy is the vehicle speed, is the torque
at the driving wheels, arethe dynamic wheel radiwsroad grade, an®fdis the
gravity acceleration

Factor Acorresponds to the vehicle rolling resistance and weight and is expressed
by Equation(4.2). Where'Qs the rolling tire resistance.

0 aQQ (4.2

Factor B corresponds tie linear relationship of the rolling resistance with
vehicle speedusually originahg from disc brake contact with the calipers and half
shaft assembliegnd the dynamic effects of the tire rolling resistance. Factor B in
empirical value, measured during cedstvn tests.

Factor C corresponds to the aerodynamic resistance and is expressed by Equation
(4.3). Where” is the air density) is vehicle projected frontal area, andis the
aerodynamic drag resistance coefficient.

(4.3)
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4.2.2 Propulsion Syem

Rear Rear
EM Drive Shaft Differential
[

Y
m——

Figure4.9: Single motor with a singlepeed gearbox electric vehicle
architecture

The propulsion system torque and power propagation in electrified propulsion
systemsleterminevhether theslectric machinés propelling or braking the vehicle.
Equation(4.4) shows the torque at the wheels for propelling, and Equéiip

shows the torque at the wheels for regenerative braking.

t o Ot (4.4

Wheree Is the overall propulsion system efficien®yjs the overall propulsion

system gear ratié including the differential andt is the electric machire
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torque.The variabless , and‘Qarea function ofthe driveline architecture and are

described in the driveline topics of this section.

ot (4.5)

Wheret is the torque from the hydraulic brakes during deceleration.

4.2.2.1 Driveline
The driveline model depends dhe transmission architecture used in the
propulsion systemEquatiors (4.6) and(4.7) express the torque efficiency and gear
ratio for a singlespeed electric drive unit with one electric motor and astage
speed reduction connected to a differentfaigure 49 shows the driveline
architecture.
cpe e e (4.6)

Wheree is the gearbox efficiency, is the efficiency of the propulsion shaft
with its joints anc is the efficiency of the differential.
4.2.2.2 Electric Machine

The electric machine efficiency is expressed by the combination of the inverter
and theelectric machine efficiencieand is calculated fromhreedimensional
efficiency maps as a function of the motor speed,-hgtage battery DC Voltage,
and torque command.
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4.2.2.3 High Voltage and Low Voltage Battery
The battery current calculation is expressedEluation(4.8) asa function of
battery open circuit voltage (Voc), Battery internal resistance (Ri), and demanded

power Pem.

W w TYO (4.8)

O oy

The battery state of charge is calculated by using coulomb counting, expressed
by Equation(4.9), where SOC is the battery SOC, and Cb istttal battery

capacity.

YOO YOO

‘|

Qo (4.9)

4.2.2.4 Auxiliary Power Module
The APM model efficiency is calculated by the Equafit0).

o (4.10)

Wherew  andw  are the charge or discharge electric power of the
high voltage and low voltage batteries, respectively,sand is the efficiency of

the APM, represented by a constant value.
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4.3 Model Correlation

The Chevrolet Spark Electric 2015 was used as a reference vehicle for this model
correlation study. The Argonne tested this vehicle, and detailed test data is available
at [200]. For this correlation examination, the data used are from the test
dynamometer driving cycle speed, time step, and rolling dyno force; from sensors
installed on the vehiclé battery terminal voltage and DC current; and from the
vehicle CAN- battery SQ.

The combined performance and efficiency of the elestachineandthe power
inverter wereestimated fronpublicly available work214]. The battery OCMSOC
was calculatedsing the OCVSOC curve for the NCM Lithium battery, which was
found at[215]. The terminal voltage model used was an GRYhodel.

Table4.1 summarizes the vehicébasic technical specificatisnand Table 4.2
shows the OEM's declared performances, and the resulestameated using the
vehicle model built for this research.

The model's performance was evaluated using a normalized RMSE approach and
then a box plot to compare thignificant trend of the values (median), its dispersion,

and distribution.
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Table4.1: Base vehicle technical specifications.

Specifications

Total Capacity

Electric Motor/Drive Unite

Torque 444Nm (540Nm peak)

Table4.2: Base vehicle declared versus calculated performances.

Declared Simulated

0-30 mph* 3s ~3s

MPGe Combined 119mpge

MPGe Highway 109 100mpge

Adjusted combined Range 82 mi
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The RMSE was chosen for this comparison as it gives the same weight to the
positive and negative values for the differences. It is mand&bogyaluatethe
current and rolling dyno force, which has negative values. The drawback of the
RMSE is an increased error due to spikes in the data set, as it overscales the errors
at the peaks. The normalization of the RMSE was then calculated to bring all the
errois to the same scale and compare the different physical metrics the problem is
dealing with.

The overall performance ahe model is measured by comparing the ability of
the model to follomhe input (target) speed from the tested vehicle for the given
driving cycles and the estimation accuracy of the battery state of charge, the DC
current from the battery to the power electronics, the high voltage battery terminal
voltage, and the tangentiarte applied by the tires to the rolls of the dynamometer
used to drive the car on the driving cycles.

Table4.3 shows the parametrized RMSE for each of the driving cycles evaluated.
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Table4.3: Normalized RMSE to evaluate the model's abilitygpresent an electric

vehicle.
Normalized RMSE

Driving Cycle Description SOC Initial | Voltage SOC HV DC Force Speed
Acceleration maneuver: 80-0 mph, 0% Slope 83.50% 0.0192 0.0032 | 0.209 0.0202 | 0.0053
Acceleration maneuver: 680-0 mph, 6% Slope 65.86% 0.0376 0.0073 0.1651 0.0256 0.011
Passing Maneuver: 0%Slope 31.75% 0.0241 0.0147 | 0.1809 0.0237 | 0.0108
Passing Maneuver: 3%Slope 25.87% 0.0301 0.0124 0.2248 0.0263 0.0128
Passing Maneuver: 6%Slope 30.58% 0.0362 0.0194 | 0.2677 0.0253 | 0.0156
Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS

Ph 4+5, US06 Ph 6+7 99.96% 0.013 0.0197 0.159 0.0128 | 0.0078
Driving Cycle: 65mph deplete +US06 ph 3+4 62.33% 0.0363 0.0099 | 0.0933 0.0158 | 0.0098
Driving Cycle: UDDS Ph 1+2, HWY Ph3, UDDS

Ph 4+5 38.02% 0.0203 0.0164 | 0.1159 0.0216 | 0.0092
Driving Cycle: UDDS Ph 1+2 38.02% 0.0234 0.0126 | 0.1722 0.0261 | 0.0116
Driving Cycle: UDDS Ph 4+5 21.17% 0.0155 0.0259 0.119 0.0265 0.0115
Driving Cycle: HWY Ph3 32.14% 0.0188 0.007 0.126 0.013 0.0063

Figure 4.10 shows that the error for the HV DC current has much higher

dispersion, where 50% of data are within a range of 10% error, and the 25% of data
in the upper quartile are also within a range of 10% error. The HV DC current data
also presents a greater emdren compared to the other analyzed variables, reaching
an average normalized RMSE of 16.5%. This more significant variance is primarily

due to the more dynamic behavior of the HV DC current, varying in seconds from a

very high negative value to a very higositive value. The high dispersion of the

DC estimation limits the evaluation of the other physical metrics in the same graphic.
Figure4.11 excludes the HV DC from the analysis and shows a very low RMSE

dispersion for the battery terminal voltage, the battery SOC, the wheel Force, and
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the vehicle speed. With a mean error varying from 215866 and the median
varying from 2.2%1.0%. The box plot iigure4.10 also indicates an equivalence of
the model's accuracy in estimating the battersninal voltage, battery SOC, wheel

force, and the mathematical driver model's ability to follow the given speed profile.

Normalized RMSE Analysis

0,3
0,25
0,2 M Voltage
[l soc
0,15
[ HV DC Current
0,1 Wheel Force
M Vehicle Speed
0,05

Figure 4.10: Boxplot analysis for battery terminal voltage, battery SOC, DC cur
wheel tangential force, and vehicle speed.
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Normalized RMSE Analysis
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Figure 4.11. Boxplot analysis excluding the DC current from the date set. Ba
terminal voltage, battery SOC, wheel tangential force, and vedpeled.

Neverthelessit is crucial to acknowledge that both the battery's state of charge
(SOC) and its terminal voltage are inherently and directly contingent on the high
voltage direct current (HV DC) flowing through the system. Given the model's
ability to closely approxinta the battery terminal voltage and SOC (which is
calculated through Coulomb counting) and their strong alignment with experimental
data, it becomes evident that thermalizedRoot Mean Square Error (RMSE)
metric may not comprehensively capture the oVeleliation when assessing the
adherence of DC current estimation to empirical data.

We undertake a deeper analysis of the data to provide a more comprehensive
assessment of the model's performaiBgecifically, we delve into the simulation

outputsof battery DC current, battery terminal voltage, and battery SOC. This
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examination is conducted across three distinct driving cycles, namely: an
acceleration maneuver involving a speed profile e800 mi/h" with a 6% slope
a passing maneuver characterized by the same alogh@ simulation encompassing
the 65 mph deplete phase followed by the US06 phase 3 and 4. The selection of
these drivingcycles enablea comprehensive evaluationntaining the best, worst,
and average model performance scenarios.

Figure 4.12, Figure 4.13, Figure 4.14 show the simulation output for the
acceleration maneuvefjgure4.15, Figure4.16, Figure4.17 show thesimulation for
the passing maneuvemdFigure4.18, Figure4.19, Figure4.20 are the results for the
driving cyclewith a65mi/h depleting plus US06 cycle.

All driving cycle results aren AppendixA.
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Figure4.12: Model Correlation Acceleration maneuver:-80-0 mph, 6%slope - battery
state of charge.
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S5 Simulated Battery Current Vs Real Current
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Figure4.13: Model Correlation Acceleration maneuver:-80-0 mph, 6% Slope HV
Battery DC Current.
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Figure4.14: Model Correlation Acceleration maneuver:80-0 mph, 6% Slope battery
terminal voltage.
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a2 Simulated SoC Vs Real SoC
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Figure4.15: Model Correlation Passing Maneuver: 6%ope - battery state of charge.
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Figure4.16: Model Correlation Passing Maneuver: 6%ope - battery DC Current
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Simulated Battery Voltage Vs Real Voltage
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Figure4.17: Model Correlation Passing Maneuver: 6% Slop8attery Terminal
Voltege.
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Figure4.18: Model Correlation 65mph deplete +US06 ph 3+&attery state of charge.
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Figure4.19: Model Correlation 65mph deplete +US06 ph 3+4atteryDC Current
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Figure4.20: Model Correlation 65mph deplete +US06 ph 3+8BatteryTerminal
Voltage.
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4.4 Summary

In conclusion, thisChapter has explored the imperative need for propulsion
system electrification in the face of global urban restrictions and mounting CO2
emission regulations. The evolving landscape of automotive markets, as discussed
in Chapter 2, emphasizes the growingftstowards electrified vehicles. These
transformations necessitate the development of optimal electrified propulsion
system architectures and subsystentss taskbecomes increasingly complex due
to the myriad of design possibiliseand the limitations of traditional bureaucratic
organizations.

Adopting a modetentric approach, as introduced in this Chapter, is invaluable
in addressing these challenges. This approach enables continuous design
optimization and tradeoff analysis within the boundaries of the propulsion system.
Bridging the gap beteen requirements and component designs offers a holistic
perspective throughout the product development cycle. However, integrating tools
for modeling electrified vehicles and their associated software remains a crucial need
in the industry.

The review of modebased engineeringighlighted the versatility of models in
capturing system complexities and facilitating tradeoffs at various levels of design
complexity. It showcased how moe@hsed design engineering (MDB) serves as an
effective method for developing complex systemse liglectrified propulsion

systems. Moreoverthe Chapter emphasized the importance of models in
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maintaining traceability of design decisions and supporting the continuous loop of
test and verification.

The results presented in thhapter, particularly the model's correlation with
physical data, reinforce the efficacy of the simulation tool developed. Despite some
challenges in modeling higéoltage DC current dynamics, the model demonstrates
its reliability in estimating key variagé$ such as battery terminal voltage, battery
SOC, wheel force, and driver model adherence to speed profiles. The comprehensive
assessment across various driving scenarios underscores the model's ability to

perform optimally mder different conditions.

The modeicentric approach proposed in this research offers a promising avenue
for addressing the complex challengess electrified propulsion systems. The
successful correlation of the model with physical data instills confidence in its
capability to guide design choices, enhance energy efficiency assessment, and
facilitate software and control calibration. As the autameoindustry continues to
embrace electrification, this research provides a valuable tool for achieving efficient

and optimized electiigd propulsion system architectures and components.
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Chapter 5

El ectri ¢ Vehicl e Arc

Governments of all major automotive markets are imposing regulations to limit
the transportation sector's usage of fossil fuaglsl establishing strict limits on the
emission of air pollutants. lfi], a comparison of emissions requirements for Jight
duty vehicles in the four primary automotive markdtse United States, Chinghe
European Union, and Brazd detailed It states thatrbm 2010 to 2030, emissions
from new cars are expected todrop from more than 500 mg/km of
NMHC/NMOG+NOx 2010 to below 100 mg/km in 2030.

In Brazil, the Brazil National Council for the Environment (CONAMA) approved
the introduction of a new emissions standard for light and keéatyyvehicles called
PL-8, starting the new requirements phasé 2025 forlight-duty vehicles, with
complete adoption in 2031. The new regulation establishes emissions requirements
for standard and realorld driving cycles and the minimum durability requirement
of 160,000 km or ten yeai2]. CONAMA is definedas light-duty passenger
vehicles(PV) and lightcommecial vehicles (LCV). A summary of both ign Table

51.
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Table5.1: Vehicle Type Definitioraccording to CONAMA.

(PV) (LCV)
Curb weight (CW) <2,720kg
Gross Vehicle Weight (GVW) <3,856 kg
Payload <1000kg 01000kg*
Number of Passengers 08 >8 *
*Payl oad 01000kg or more than eight

LCVs represent 1:20% of the lightduty vehicles in the Brazilian market, with
an average annual sale of approximately 400 thousand units. About 40% of LCVs
are bodyon-frame vehicles with diesel engingg. Therefore, slowing dowdiesel
engine technology development could heavily impact a market size of roughly 6
billion dollars in revenue if alternative technologies are not in place.

The P\& and LC\s have different phasm requirements strategies, starting in
2025, but emissions limits align in 2031.[I], the report also compares the-8L
requirements for lightluty vehicles with EU, China, and US emissions standards
and shows the Brazilian standards aligned with major automotive markets by 2031.
By 2030, an extensive electrification program will achiev&6o of the total
emissions reduction in the E]d]. The EU approved to end the sales of all €02
emitting vehicles by 2038]. This decision establishes a deadline that causes a
natural reduction in the development of technologies to improve fuel quality and

combustion engine emissions, with consequences to thetdamgadoption of
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gasoline and diesel engines in other automotive markets, primarily in developing
countrieg6], [7].

Brazil, South and Central America have one of the cleanest electric grids in the
world. In South and Central America, the electric power generation from renewables
counts for 66%, while in Brazil, renewables count for approximately 84%,
equivalent to 520TWH8], with average equivalent CO2 emissions of 0.09
gCO2/kWh.Forcomparison,n the USA, in 2020, the equivalent CO2 emission was
0.371gCO2/kWH9].

The electrification of the transportation infrastructure stands as a pivotal catalyst
for the overarching reduction in the economy's carbon footprint, particularly in
regions like Brazil, characterized by its distinctive energy generation matrix
primarily dominated by hydroelectric, solar, and wind resources. However, it is
imperative to acknowledge that the electrification of the transportation sector also
plays a pivotal role in reshaping the Total Cost of Ownership (TCO) dynamics,
particularly within the context of commercial fleets. According tspecific
estimations, there exists the potential for an astounding 80% reduction in TCO when

comparing electrified fleets to their internal combustion engine (ICE) counterparts.

The complete phassut of incumbent vehicle fleets, predominanti@E-
powered vehicles, entails a protracted timeline sparsauagral decades. Within this
intricate landscape, the retrofitting of peristing ICE vehicles, wherein these

vehicles are endowed with electrified propulsion systems, emerges as an expedient
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avenue to expedite the transformative transition from a fossitcargric economy
towards an electrified paradigm.
This Chapterthoroughly explorethe retrofitting of commercial vehicles, delving
into a meticulous analysis of four distinct electric vehicle propulsion configurations.
Our investigation extends beyond a mere assessment of energy efficiency,
encompassing a thorough examination of the acquisition costs and the overarching
Total Cost of Ownership (TCO) considerations, thereby scrutinizing the viability of
electrified vehioks as a financially sound and profitable investment opporfunity
analyzing its internal ta of return (IRR),paybackperiod (PB), andreturn on
investment (ROI). The architecture assessment is adapted from the process proposed

by [10].

5.1 Study Case Architectures

Selecting thadeal driveline architecture is crucial when designing an electric
vehicle sinceit dramaticdly affectsits performance, energy efficiency, cost, and
how it fits together. Electric vehicles can have various driveline setups, including
single, dual, or multiple electric machines. The choice depends on what

characteristics you want for thehicle and its intended application

In this Chapter, only twewheeldrive setupsre investigatedseeping the drive
axle and differential the same as a typical internal combustion engine vé&hisle.
research aims to find the best option for making commercial vehicles electric by

studying four different setups
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The baselinéCE vehicle is shown dtigures.1.

Rear Rear
ICE IDriveShaft Differential

Transfer
Case

Figureb.1: Base hternal Combustion Engine (ICEkhicle Propulsion System
Architecture.

A differential torqudimit curveis defined from the peak input torque observed
at the base ICE vehicle and works as a constraint to the design of the electric
propulsion system, intending to limit the influence of the electric motor torque on
the mechanical durability of the drivelinessgm.The maximumdriveline input

torquecurve is inFigures.2.
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Figure5.2: Differential maximum input torquealculated from the base ICE vehicle

5.1.1 Architectures

This Chaptedelves into a comprehensive examination of four distinciviiveel
drive (2WD) architectures, each characterized by variations in parameters such as
motor peak torquepower andpeed, gearbox utilization, numbergafarspeeds, or
the incorporation of a dual electric machine systeigures.3, Figures.4, Figure

5.5, andFigures.6 illustrates architecturg, 2, 3, and 4 respectively.
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Figure5.3: Single motor with a singlepeed gearbox electric vehicle architecture.
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Figure5.4: Single motor with a twespeed gearbox electric vehicle architecture.
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Figure5.5: Dual motor with a singlspeed gearbox electric vehicle architecture.
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Figure5.6: Single motor directly connected to the propulsion shaft.

5.2 Modelling

In Chapter4, we introduced propulsion system modelifgr the architecture
assessment that thekapter presents, models for each driveline architecture we're
investigating have beedeveloped These models take into account the unique
features and specifications of each system. The reason for doing this is twofold: first,
it allows us toassess how efficient and performant each design is thorquagidy
second, it helps us pinpoint areas that might need improvemeathing the
optimum sizing for eachrchitecture.

Overall, this modeling approach helps usderstandthe strengths and

weaknesses of different architectures
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5.2.1 Propulsion System

The propulsion system torque and power propagation in electrified propulsion
systems are determined by whetherdlgetric machinés propelling or braking the
vehicle.The equations were presentadChapter 4.

Equation(5.1) shows the torque at the wheels for propelling, and Equégign
shows the torque at the wheels for regenerative braking.

t o Of (5.1)

Wheres Is the overall propulsion system efficien®yjs the overall propulsion
system gear ratid including the differential andt is the electric machire
torque.The variables , andQarea functionof the driveline architecture and are

described in the driveline topics of this section.

"Qt (5.2)

Wheret is the torque from the hydraulic brakes during deceleration.

5.2.2 Driveline

The driveline model depends on each architecture.
Equatiors (5.3) and (5.4) express the torque efficiency and gear ratio for
Architecture 1, Equatian(5.5) and (5.6) for Architecture 2, Equatia5.7) and

(5.8) for Architecture 3, and Equatis(b.9) and (5.10) for architecture 4.
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e e e (5.3)

Q00 (5.9)

Wheres is the gearbox efficiency, is the efficiency of the propulsion shaft

with its joints anc is the efficiency of the differential.
*h * R ° (5.5)
@ QRQ (5.6)

che e (5.7)
T QQ (5.8)

c e e (5.9)
(oo (5.10)
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5.2.3 Electric Machine

The electric machine efficiency is expressed by the combination of the inverter
and the electric machine efficiencies, calculated from the efficiency nfé@gue

57.

Electric Motor Efficiency Map ™
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Figure5.7: Electric machine efficiency map in per unit (p.u.) system.

5.2.4 High Voltage and Low Voltage Battery

The battery current calculation is expressed by Equation (14)wasc@on of
battery open circuit voltage (Voc), Battery internal resistance (Ri), and demanded

power Pem.

A w TYO (5.11)

The battery state of charge is calculated by using coulomb counting, expressed

by Equation (15), where SOC is the battery SOC, and Cb is the total battery capacity.
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(5.12)

YOO YOO Qo

‘|

5.3 Architecture Assessment

In this investigation, the performance prerequisites for the electrified vehicle
were meticulously delineated to ensure parity or surpass the performance metrics
exhibited by its internal combustion engiequipped counterparfEurthermore, we
have judiciously formulated the battery electric vehicle (BEV) range specifications
to align with an average performance benchnearicerningother electric vehicles

inhabiting the same vehicular segment.

We present a concise representation of the targdtstles.2. Thistable offers
a detailed exposition of the multifaceted parameters that the electrified vehicle must
adhere to attain the status of a viable alternative to its internal combustion (IC)
counterpart.

This effort focuseson evaluating the possibility of electrifying commercial
vehicles whileensuringthat the resulting vehicle meets the needs of its intended

users. This is achieved by setting clear and specific performance and range criteria.
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Table5.2: Design Requirements

Performances Units | Targets

Adjusted Combined Range

(FTP75/highway) [km] 260
0-100 km/h [s] 12s
Maximum Speed [km/h] 146

Launch on grade @GVW | [%] 25%

Launch on grade @PBT | [%)] 33%

6% grade constant speed| [km/h] 141

Severalconstraints restrict the design space to ensure a rigorous architecture
analysis and guide the system sizing prochsgarticular, four maimestrictiors
apply to this problenthe differential input speed and torque should remain the same
as in the donor vehicle, as illustratedrigures.1 andFigures.2; the system voltage
should be 350V nominal, with a peak DC current not exceeding 600A, thereby
limiting the total power of the electric machine to 200kW; and the payload should
not be lower than 1000kg.

Tables.3 shows the sizing results for the electric machines, gearbox, and high

voltage battery.
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Table5.3: Architecture Subystem Sizing.

Architecture e-machine gearbox Battery
1 200 kw 2971 80 kWh
2 150 kW 1%tgear = 4.5:1 72 kWh

2" gear = 2.97:1

3 100 kw 2971 65 kWh

4 200 kW 1:1 80 KWh

By imposing these constraints, this study aimed to assess the feasibility of
electrifying the donor vehicle while considerints intended use's practical
limitations and requirementsThese constraints enabled a more comprehensive
analysis of the candidate architectures, allowing for a more accurate evaluation of
their performance and suitability for the specific application.

The assessment comprehernkds simulation of the investigated architectures
using the base modeling presented in Chapter 4, whiatlapted for each of the
four architectures. For the evaluation, regulatory EPA driving cycles, such as FTP75
and Highway cycles, are used for energy efficiency and electric range calculations.
Vehicle capabilities comparison uses the ability of the psipuilsystem to sustain
a constant speed at a 6% road slope and to launch on grade at its gross vehicle weight.

Tables.4 presents the performance results for all architectures compared to the

target.
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Tableb5.4: Architecture assessment results.

Architectures
Units Target.
1 2 3 4
FT75 Range [km] - 360 393 440 346
Highway [km] - 219 241 264 219
Adjusted
[km] 260 260 260 260 260
Combined
FTP 75 [kwh/km] - 0.154 | 0.141| 0.126 0.16
Highway [kwh/km] - 0.253 | 0.23 0.21 0.253
Adjusted FT75
[kwh/km] - 0.221 | 0.201| 0.183 0.228
Range
Adjusted
[kwh/km] - 0.361 | 0.328 | 0.309 0.361
Highway
Maximum
[km/h] 146 146 146 146 146
Speed
Launch on
[%] 25 25 29 25 29.6
Grade @GVW
Launch on
[%] 33 33 38.3 33 39.1
Grade @PBT
6% grade
[km/h] 141 100 91.6 100 108
constant speed
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Figure 5.8, Figure 5.9, Figure 5.10, and Figure 5.11 show the electric machine
operation for FTP75 and Highway EPA cycles for Architecture 1, 2, 3, and 4,

respectively.

Torque [Nm]

A ) | <> Etectric Motor Operation |
0 2000 4000 6000 8000 10000 12000 14000 16000
[RPM]

Figure5.8: Architecture 1- Electric machine operation on FTP75 and highway cycle.

Torque [Nm]

0 2000 4000 6000 8000 10000 12000 14000 16000
[RPM]

Figure5.9: Architecture 2 Electric machine operation
on FTP75 and highway cycle.
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Figure5.11: Architecture 4 Electric machine operation on FTP75 and highway cycle.

Figures.12 shows the difference in SOC variation among the four investigated

architectures for the FTP75 and highway driving cycles.

95

SoC [%]
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o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time [s]

Figure5.12: SOC variation comparison for different architectures on FTP75 and
Highway driving cycles.
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5.4 Financial Assessment

The financial assessment of the diverse driveline architectures entailed
formulating a cost model, serving as a mechanism for estimating the aggregate
material costs requisite for the product's realization. Furthermore, a comparative
examination of the total cost of ownership for each architectural configuration was
undertaken, complemest bydevelopinga cash flow analysis for each prospective

option.

To gauge the financial viability of these architectures as potential investments,
critical financial metricsincluding Return on Investment (ROI), Internal Rate of
Return (IRR), and Payback Period (PBgre subject to rigorous scrutiny.

Through the execution of this @hcompassing financial appraisal of the various
driveline architectures, the principal aim of tisisctionwas to furnish valuable
insights into the economic feasibility surrounding the electrification of commercial
vehiclesand retrofit of existing ICE vehiclethereby serving as a guiding compass

for decisioamaking processes within this domain.

5.4.1 Cost of Acquisition Model

The studieg11] [12] were used for overall system cost estimation based on an
actual vehicle teadown.[13], [14] were used for the gearbox and driveline cost

estimation.[15], [16] were used for the power electronics anth&chine cost
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estimation, and[17] for battery cost estimation. The MSRmRIanufacturer
Suggested Retail Pricejas then estimated based onedectric vehicleindustry
average 0B0% gross margin over the total base material. ddst MSRP calculated

for the vehicle, with each of the propulsion system architectures, is shéwgure

513

Total Cost (MSRP) - USD
$78,000.00
$77,000.00
$76,000.00
$75,000.00
$74,000.00
$73,000.00
$72,000.00

$71,000.00

Architectures

Figure5.13: Vehicle MRSP for different architectures to meet the same functional
objectives.

5.4.2 Total Cost of Ownership

The study[18] defines a produt total cost of ownership (TCO) as an
approximation of all the capital and operational expenses associated with
purchasing, deploying, using, and retiring the product. This study compares the TCO
of an LCV originally equipped with an IC with the exact \abibut with a fully
electric propulsion system operating in Sao Paulo, Brazil.

The capital costs considered in the study are the acquisition of the vehicle and, in
the case of the electric car, an external level 2 wall charger. The operational costs

considered in the study are energy consumption (liquid fuel or electricity), tire
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replacement, insurance, maintenance, and state license tax. The yearly drive distance
is - according td19] - and the estimation is 50.000 km per year.

A 10-year lifetime is used for the cash flow projection. Costs are considered a
present value and on an annual basis. The battery traction replacement is not part of
the operational cost estimations since the battery lasts betweed # 8000
completecycles after years of usage.

This paper also compares the investmengxgminingfour electricity cost and
generation scenarioSommercial and residential prices are taken according to [20],
and industrial prices are taken from the free electricity m§2ké¢. Theinvestment
to produce electricity to charge the vehiclesng solar panels estimated from
[22].

Thevariable costs of ownership, suchem&rgyand solar panelgrein Tables.s.

Thefixed costs are presented Tiables.s.

Table5.5: Electricity and diesel cost.

Energy Commodity Unit Cost
Diesel [BRL/L] 6.58
Residential (Class B) [BRL/kWh] 1.02
Residential (ClassA) [BRL/KWh] 0.62
Industrial (Free market) [BRL/kKWh] 0.35
Solar Painels [BRL/KWp] 4.00
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Table5.6: Fixed annual cost afwnership.

Diesel Electric
Tires Replacement BRL 2,000.00 BRL 2,400.00
Insurance BRL 2,000.00 BRL 4,210.53
Maintenance BRL 2,000.00 BRL 1,000.00
Yearly Tax BRL 3,800.00 BRL -

The yearly fuelnd energyost for each architecture is presentedigures.14

60

o
o

=
S

Cost in BRL x 1000
o w
S S

-
S)

Diesel Arch 1 Arch 2 Arch 3 Arch 4
Propulsion System Architecture

o

B ClassB ClassA W Free-Market W Diesel

Figure5.14: Total variable annual cost of ownership as a function of propulsion system
architecture and energy cost.

5.4.3 FinancialAnalysis

Several methods are available to evaluate capital expenditures (CAPEX)
investments, including the net present value (PB), (IRR), (RDijs approach
allows for a comprehensive comparison of the different architectures' performances
and provides valuable insights into the economic feasibility of electrifying

commercial vehicles.
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5.4.3.1 Internal Rate of Return

The internal rate of return considers the investment's time value and operation
costs during the investment period. It's commonly used to compare different
investments and support the decisioaking process of capital expenditure
allocation byconstantly looking at the investment performance

The minimum IRR to reach an investment equilibrium is expressed by Equation
(5.13.

(5.13)
OV

Where T is the number of time periods,is the net cash flow during the period

T, andO is the capital expenditure.

5.4.3.2 Return on Investment

The return on investment compares the value of an investment to its cost and is
expressed by Equatidh.14). It's commonly used to compare the efficiency of one
investment against another. In the case of this study, the ROI provides the overall
efficiency of the electric vehicles as an investment compared to a baseline diesel
vehicle.

001 1 QO®OAE £0E U QI d Qe 0O (5.19)

O£ IiE0E UV QI aQe O
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Figures.15 showsthe cash flow projections for the exact vehicle charged in two
ways: commercial electricity from the grid and agemeration using solar panels.
The electric vehicle as an investment is compared with the baseline IC vehicle in
regards to its internal matof return (IRR), return of investment (ROI), and the

investment time to pay back (PB).

$600,000.00

$100,000.00 —

Accumulated Capital [BRL]
\

$100,000.00 =

$200,000.00

$300,000.00
Years of Operation

Figureb.15: Electric vehicle with architecture-4Operation Cash flow.

5.4.3.3 Pay Back

Investment payback sefined as the time it takes to recover capital expenditure
and reachts breakeven point. In this study, the payback analysis gives the time to
recover the delta acquisition cost of the electric vehicle over an LCV equipped with
a diesel engine. The payback period is expresséajbgtion(s.15).

5 0 (5.15)
00 QI @A 600N € U
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5.4.4 Financial Assessment

A comprehensive cash flow analysis was meticulously conducted for each of the
examined driveline architectureghis analysisconsideredthe initial capital
expenditure, computed as the disparity between the acquisition cost of the electric
vehicle and the infrastructural investment cost relative to the baseline diesel vehicle.
Additionally, the discrepancies in total cost of ownershipybeh the electric
vehicle and its internal combustion engine counterpart were subjected to
discounting. The computatiaf the initial capital expenditure was achieved through
the application of Equatiore.16). At the same timethe determination of the
operating income, characterized by the delta Total Cost of Ownership (TCO), was
ascertained through Equati@17).

0 O o) (5.16)

Whered is the total capital expenditure, is the electric vehicle cost of

acquisition, and is the total investment in infrastructure to operate the electric

vehicle fleet.

Of Qi Obd&OE GWSE "YO U (5.17)

Table 5.7 summarizes the financial analysis for all architectures evaluated at

different electricity costs, where the best product presented is architecture 3,

especially when the battery is charged by buying electricity from the free market.
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Table5.7: Financial assessment summary

Electricity Cost Architecture
1 2 3 4
Class B IRR 21% 25% 26% 21%
Profit 354 39X 408 350k
ROI 169% 207% 215% 167%
Class A IRR 24% 28% 29% 24%
Profit 424 456K 468 421k
ROI 202% 240% 249% 201%
Free Market IRR 26% 30% 31% 26%
Profit 47K 498 506k 46K
ROI 224% 262% 269% 223%
Solar Panels IRR 23% 26% 27% 23%
Profit 487k 514 520k 486K
ROI 193% 224% 233% 191%

5.5 Summary

In summary, the findings elucidated within this technical exposition underscore
that each of the four propulsion architectures subjected to investigation yields a
commendable payback period of approximately four years, accompanied by an

impressive return ro investment, averaging around 200%. This robust return on
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investment remains consistent irrespective of the electricity procurement
methodology employed to compute the total cost of ownership for electric vehicles.

However, upon a meticulous examination of the architectures from an investment
perspective, it becomes evident that Architecture 2, characterizedilizing a
multispeed gearbox, and Architecture 3, distinguished by incorpotatnglectric
machines in series, emerge as the most economically favorable options. Both
Architecture 2 and Architecture 3 manifest an Internal Rate of Return (IRR) that
surpasses their counterparts by a notable margin of 20%, coupled with a residual
value of approximately 5% at the culmination of their investment lifecycle. This
advantageous performance is attributed to the adept operation of the electric machine
within these architectures, consistently operating within the most efficient regions
of the dectric machine efficiency map.

Collectively, this technical treatise furnishes invaluable insights into the
economic feasibility of electric vehicles while underscoring the pivotal significance
of judiciously selecting the most efficient propulsion architecture to optimize

financial outomes.
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Chapter 6

Regenerative Br aki

Dri veabi |l ity

Vehicle electrification is growing in all major markets and segments. The light
duty electrified vehicles market grew three times from 2018 to 2021 and 8 times
when comparing 2021 sales volume with 2016. The light commercial vehicle sales
volume grew 70%rbm 2020 to 2021. The number of ligihtity electrified models
offered in 2022 is 450, five times more than in 2015. In the hdaty segment,
the sales volume of electric buses went up, reaching 40% highswvehlee in
the last year alon§216]

The average EV range of lighuty electric vehicles improved by three
times from 2010 to 2020. This significant improvement was mainly due to
technological advances in battery chemistry (energy and power density), electric
motor and power electronics efiency, and thermal management advancements.
[216]

The technological shift from internal combustion engines to total
electrification of the propulsion system is a continuous process, and in three years,
a product can become obsolete regarding its performance. This scenario of a fast

technology shift and tdhnology improvement creates the need to introduce many
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products quickly, forcing the manufacturers to find design methods and processes
to reduce product development time and its associated investments.

An essential feature of improving electric vehicle energy efficiency is the
ability of these vehicles to recover the kinetic energy during decelerations and store
it as chemical energy in the battery back instead of dissipating this energy in the
form of heat when friction brakes are used. This recovered energy could be used to
propel the vehicle or to power the auxiliary loads, increasing the overall vehicle
energy efficiency.

During the regenerative braking event, the electric machine applies a
negative torque to the driveline, which decelerates the car. Thredekigh
strategies can be used to execute regenerative braking, two of them using the brake
pedal as the main actiumt from the driver, and one where the accelerator pedal is
the main actuation from the driver (this is called one pedal drive strateg\D)

[217]. The strategiefor using the brake pedal are tfeeusof this chapter OPD
will be discussed in Chapter 7.

Figure6.1 shows a schematic of each regenerative braking strategy for low

level accelerations. In the following sessions, the three regenerative braking

strategies are presented together with the strategy developed for this work.
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Figure6.1:Regenerative braking strategies overview.

Another form of regeneration strategy, which the driver does not control, is
the ecoasting, where without any command from the driver (both accelerator and
brake pedal are released), the vehicle "freely coasts" with a minimum braking
torque applied by thelectric motors (or because the back electromagnetic force)
or for some calibrated torque curve in the function of the vehicle $p&8H [219]

Regenerative braking is essential for the total energy efficiency of the
vehicle and to reduce timeaintenance cost the braking system componenisile
reducing the total cost of ownershifhe regenerative braking system also heavily
impacts the vehicle's drivability and the driver and passengers feeling during the

deceleration maneuvers. The design of the braking system architecture and its
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interactions with the propulsion system is an emerging field of study introduced in
the electrification era. Its interactions' resultant performance impacts the system's
energy efficiency and brakingerformancewhich are vital customer performance
indicators.

Electric vehicle clients of different segments are looking for diverse product
attributes. For example, in light passenger vehicles, the clients are looking for the
total electric range and the chargitnge; whether in light commercial or heavy
duty segments, the clients are looking more at the total cost of ownership and the
reliability of the vehicle as a system.

However, for all types of vehicles and all segments, energy efficiency is of
central importance as it is the main factor behind the total electric range and
operation cost of an electric vehi¢#l9].

This Chapterinvestigates different regenerative braking strategies applied
to light commercial electric vehicles and compares them regarding their energy
efficiency and drivability. The energy efficiency assessment simulates the vehicle's
different regenerative brakgy strategies in five driving cycles. The drivability in
decelerating maneuvers is performed using a drivéine-loop simulation using a
static driving simulator.

TheChaptemproposes an integrated modelthe-loop (MiL) and driverin-
thelloop (DiL) approach, where the interactions of the propulsion system with the
braking system could be evaluated in both aspects, energy efficiency and drivability

(objectively and subjectiwg).
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The development of the different systems #radr controlstrategies uses a
modetin-the-loop tool capable of representing the system and its interactions by
using onedimensional (1D) static, quastatic, and physical models. 1D models
are a very inexpensive tothat provides the capability to test many different
architecture solutions at the system and subsystem |elelsing the application
of hundreds of tradeff studies without building numbers of prototypes. However,
the traditional 1D modelsse a PID controller to represent the driver. They use
known driving cycles as input to the simulation, making the midtHe-loop
limited for simulations focused on the driver's interactions with the system.

Driving simulation, due to the possibility of creating virtual scenarios, such
as different weather and traffic conditions, brings the ability to develop the system
in a virtual environment, including the driver in the loop, without building any
prototype allowing the engineering organizations to shorten the development time
and to reduce the associated investments in product development.
Driver-in-the-loop simulation is being extensively used in the development of
chassis subsystems and their components (e.g., suspension, tires, brakes, ABS
calibration, etc.), but it's also being used to study the driver behavior and the driver
interactionwith the vehicle, to develop autonomous and advanced driver assistance
systems (ADAS). Nevertheless, its application as a tool to develop electrified
propulsion systems is not yet brbadsed.

This chaptempresents the comparison of two different regenerative braking

strategie'senergyin regard tatheir energy efficiency and drivability performance
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using the pedal travel and longitudinal acceleration and acceleration ratio as the

evaluationmetrics.

6.1 Regenerative Braking Strategies

The performance of the braking system and the braking feeling performance
is recognized as one of the most critical factors in the automotive industry's voice
of customers.

The most used metric of braking performance evaluation is the stopping
distance and timing with the brake pedal fully pressed. In the real world, braking a
car is related to continuing braking maneuvers for speed reduction or light
decelerations with theréke pedal gradually pushed. The essential braking
performances are a quick response time, with less brake pedal force, smooth
deceleration, and low or no body motion. Braking performance with jerky behavior,
which means rapid brake response to the paexahtand, is considered exhausting
and discomfort for the driver and vehicle passengers. At the sametiesgonse
that is too slow causesl@nger braking distance and provides the worst feeling of
bad braking performance. Another essential characteristic of adestined
braking system is its linearity. A slow initial response followed by a fast response
later or vice versa makes it harak fthe driver to control the deceleration during
braking maneuvers and causes additional uncomforting deceleratiditions for
the driver and the passengf20].

It's possible to classify the deceleration maneuver according to its intensity:
low level, with decelerations up to 0.3 g's; medium level, with decelerations in the
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range of 0.3 g's up to 0.8 g's; and emergency braking, with decelerations above 0.8
g's, when the ABS usually starts to influence the braK220] shows that daily
driving decelerations are not greattesan 03g andare always considered lel@vel
decelerations.

The authors ij220] propose that quick braking response time, brake pedal
force, and brake pedal travel are the main design metrics for an excellent braking
system. In this study, we develop all the analyses based on brake pedal travel.

The electrification of the propulsion system and the addition of the
regenerative braking function create an interaction between the braking system and
the propulsion system torque management control. The deceleration performances
and the braking feel amnpacted by the operation of the electric motor. At the same
time, the overall propulsion system energy efficiency is affected by how much
Kinetic is dissipated as heat using friction brakes and how much is recovered using
an electric machine brake.

The braking feeling and performance shall be maintained constant, regardless
of how much braking torque is coming from each actuator (friction brake or electric
machine). Thereby, regenerative braking strategies presented in this study are

developed to meea tradeoff between energy efficiency and braking comfort.

6.1.1 Target Brake Pedal Curves

In the analysis presented[RR20], the author proposes three different brake
pedal curves with deceleration as a function of pedal travel. These curves are for

various vehicle segments and are showrkigure 6.2. This study focuses on
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developing a regenerative braking strategy for a light commercial vehicle (LCV)

and uses the truck brake pedal curve as a design target.

1.2

1 i

o
[0e]
S

Acceleration [g's]
o
[e)]
~

0.2 -~

0 20 40 60 80 100 120
Pedal Travel [mm)]

-------- SUV/Mini Van Truck/LCV - --Economy Vehicle or Sedan

Figure6.2: Theoretical brake pedal deceleration curves as a function of pedal travel for
different vehicle applications.

Figure 6.3 shows the proposed pedal brake travel target curve concerning

the desired deceleration and the longitudinal braking force at the wheels.
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Figure6.3: Target brake pedal curve developed for a fgimmercial vehicle

with 4540kg GVW.

6.1.2 Series Regenerative Braking Strategy

The series regenerative braking requires a brakipgire system that,
based on the pedal travel requested by the driver, estimates the total force needed
at wheels for the desired vehicle deceleration and adjusts the amount of friction
brake from the cgbers and mechanical brake from the electric machines. This
integrated control strategy is calibrated for energy recuperation maximization while
maintaining good braking performance and feel. In the technical literature, some
authors present that a serregeneration may improve the energy efficiency by

30% in official driving cycles; however, due to its more complex hardware
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architecture and software, better system efficiency comes with a higher material
cost and higher development cfiz21].

The brake pedal curve developed for this papéich represents the series
regenerative braking strategy presented ikigure6.4. The amount of mechanical
brake from the electric machine was defined as the maximum amount to maximize
the kinetic energy recovery in lelgvel decelerations or decelerations of up to 0.3g

when the vehicle is loaded with its Gross Vehicle Weight (GVW).

1.1
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- - -Electric Brake Total Brake Decel

Figure6.4: Serie regenerative braking strategy to maximize energy recovery for

accelerations up to 0.3 g.

6.1.3 Parallel RegenerativiBraking Strategy

The parallel regenerative braking strategy developed for this paper is

applied in parallel to the friction brakes without any integrated chpssmilsion
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system controllers. The regenerative braking force from the electric motors works
in parallel with the friction brakes and increases as a function of the pedal travel. In
the technical literature, some authors present an improved efficiency of up to 18%
in energy efficiencyhowever it compromises the braking feeling since it increases
the pedal response tini221].

To improve the energy regeneration efficiency, the proposed brake pedal
curve for the parallel regenerative braking strategy, shawigure6.5, deviates
from its original target. Consequently, the total brake force and the resultant
deceleration performan@eelike the proposed curve for SUVs and Mini Vans, as

shown in Figure6.6.
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Figure6.5: Parallel regenerative braking strategy to maximize energy recovery for

accelerations up to 0.3 g with a compromise to the brake feel the performance.
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Figure6.6: Parallel regenerative braking strategy brake pedal curve compared

with the target and theoretical brake pedal curves.
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6.2 Study Case

6.2.1 Vehicle

The study focuses oits application in a light commercial vehicle. The
vehicle characteristics are shownTiable6.1.

Table6.1: Battery electric front wheel drive ligltbommercial vehicle.

Curb GVW

Road Load A [N] 210 270
B [N/kph] | 0.4067 | 0.4067
Coefficients | C [N/kph2]| 0.09185]| 0.09181
Weight [kg] | 2530 4540
Tire type 215/75R16
Tire length [m] 2.2898c

6.2.2 Modelling

This study adopted a forward vehicle model for the dingensional model.
The forward model uses a driver model, modeled as a PID controller, which
compares the desired speed with the vehicle's output speed, calculated on the plant
model[207]. The forward model propagates the dynamic phenomena, deals with
measurable variables in the real world, and requires a supervisory controller model,
where the torque management and regenerative braking strategies are modeled.
Figure 6.7 shows a higHevel systemwhile Figure 6.8 shows the propagation

model at the level of the propulsion system of an electric vehicle.
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Figure6.7: 1D model architecture used to simulate a Front Wheel Drive (FWD)

electric vehicle with different regenerative braking strategies.
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Figure6.8: 1D model system interaction propagation.

In Figure 6.7 and Figure 6.8, V is the driving cycle input speed, t is the
driving cycle input time, and is the driving cycle input slope. The throttle and
brake signals are relative to pedal travel, and the actual speed is the calculated
vehicle speed measured at the contact point of the tires and the driving surface. The
HV Battery DC is represented byand the State of Charge is represebie80C.

1 is the angular wheel speed.
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6.2.3 Driver-in-the-Loop (DiL)

The driving simulator used in this work is a static simulator located at the
McMaster Automotive Resource Centre (MARC), in Hamilton, Canada. The
MARCdrive simulator has been presented and detailgDi). It houses a highly
immersive environment, using a real vehicle body in Front of ad2f@eecurved
screen. The active steering, seat, and seatbelts give motion cues. As exemplified in
[222], such a setup can be used for drivability evaluation. The present work aims to
leverage such a tool for performing realistic brake pedal inpigsre6.9 shows

the driving simulator used for this experiment.

Figure6.9: The MARCdrive simulator, located at McMaster Automotive

Resource Centre (MARC), in Hamilton, Canada.
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The model presented iRigure 6.7 was implemented, replacing the PID
pedal control with a real driver. Given the ogeap nature of driving simulation,
where an actual human driver performs the maneuver, the driving cycle inputs are
suppressed from the model, and a real driver commamdscttelerator and brake
pedals. The static vehicle model gives room to a 14 DOF vehicle model that
accounts for translational and rotational motion of the vehicle's body in all three
dimensions, plus the rotational and bounce of each wheel. The testsdoeted
in a virtual environmerit an infinite thredane test track. The virtual road emulates
a flat, dry asphalt condition that is consistent and smooth throughout the entire

route.

6.3 Results and Analysis

6.3.1 Energy Efficiency
The energy efficiency of different regenerative braking strategies is
comparedusing official driving cycles representing various urban and highway
traffic conditions. The driving cycle and its main characteristics are showabie

6.2.
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Table6.2: Driving cycle summary and characteristics.

Driving Cycles

Max AVG

Distance| Speed Speed

[km] [km/h] | [km/h]

LA92 17.7 107.5 36.7
NY _city 1.9 44.3 11.4
US06 12.8 128.5 77.3
FTP75 17.7 90.7 33.9
WLTP

High 7.2 97.4 24.6

The energy efficiency of each regenerative braking strategy was calculated
from its energy consumption (kWh/km) in each driving cy€lble6.3 shows the
energy consumption for each driving cycle with the vehicle at its curb weight plus
100kg, representing an 80kg driver plus caimyitems.Table6.4 shows the energy

consumption for each driving cycle with the vehicle at GVW
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Table6.3: Electric energy consumption in the driving cycles withwékicle at

curb weight plus 100kg.

Energy Consumption [KWh/km]
Curb+100
Parallel
Series Regen dif
Regen
LA92 0.076 0.097 22%
NY_city 0.125 0.205 39%
US06 0.346 0.380 9%
FTP75 0.164 0.205 20%
WLTP High 0.816 0.914 11%
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Table6.4: Electric energy consumption in the driving cycles with the vehicle at
GVW.

Energy Consumption [KWh/km]

GVvW
Parallel
Series Reger

Regen dif
LA92 0.086 0.126 32%
NY_city 0.165 0.294 44%
USO06 0.366 0.432 15%
FTP75 0.179 0.256 30%
WLTP High 0.845 1.042 19%

The series regenerative braking strategy improves energy consumption for
all studied conditions. The benefit reaches a maximum of approximately 44% in
the new york city cycle when the vehicle is fully loaded and a minimum of 9% in
the US06 cycle when theehicle is at curb weight plus 100kg. Two examples of
the difference in the SOC for each regeneration strategy are shdigue6.10
andFigure6.11; the LA92 and USO06 cycle plots provide a better visualization of

regeneration events.
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Figure6.10: High voltage battery stataf-charge for all simulated cases on the

LA92 driving cycle.
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Figure6.11: High voltage battergtateof-charge for all simulated cases on the

USO06 driving cycle.
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To calculate theefficiency of the regenerative braking stratethe total
kinetic energy availablen wheels was compared with the total electrical energy
stored in the battery pack. The results are presentédhie6.5. On average, the
parallel regenerative braking strategy showed an efficiency of 28% and 33% for the
vehicle at curb+100kg an@VW, respectively. The series regenerative braking
strategy presented an efficiency of 69% and 75%, respectively, for curb+100kg and

GVW.

Table6.5: Energy recovery global efficiency.

Regenerative Braking Efficiency

Curb+100 GVW

Series | Parallel | Series | Parallel

Regen | Regen | Regen| Regen

LA92 67% 28% 73% 32%
NY_city 69% 29% 73% 33%
US06 72% 30% 7% 35%
FTP75 70% 28% 76% 33%
WLTP High | 68% 27% 75% 32%

An energy balance ipresented irFigure 6.12 and Figure 6.13 for the

driving cycle with higher and lower improvement.
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Figure6.12: NY city cycle regenerative braking energy balance.
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Figure6.13: US06 cycle regenerative braking energy.
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6.3.2 Drivability

An experienced driver tested the virtual model in the driving simulator on a
flat road for the driveability evaluation. One vehicle configuration was tested using
the full virtual driving simulator to develop the brake travel curves for each
percentage dbrake pedal used in this study.

Driver instructions included accelerating the vehicle until a velocity higher
than 90 kph, releasing the throttle, letting the vehicle coast to 80 kph, and then
applying the brake pedal to the desired level. The ramp should reach the desired
level in lessthan a second, with a tolerance of + 5%, and then a constant pedal
should be achieved within the next second, with a tolerance of £ 2%. The steady
pedal remains until the vehicle stops.

Using a real driver to acquire the brake pedal profile adds realism to the
simulated experiments. The maneuvers are conducted for the parallel topology in
the Curb+100 configuration. The difficulty in maintaining I@sdal values (20
20%) is noted in the results, as well as the aggressive response of the vehicle to
higher levels (66/0%). Such human perceptions were used in defining the range
in which the systems were tested-(2@%). For mediunievel pedals (3%0%), the
difficulty lies in reaching the de®d level in a consistent ramp and remaining with
the constant pedal. That difficulty is more remarkable for the353® pedal
position.

In summary, seven levels of brake pedal were tested from 10% to 70%,

evenly spaced by 10% each. Four vehicle configurations were simulated: vehicle at
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curb weight plus 100kg with series and parallel regenerative braking strategy
curves, and vehicle at GVW with the series and parallel regenerative braking
strategy.

In addition, the simulator enabléise recording of the humarerformed
brake profile andts identical reproductiobetween the different test cases. That
repeatability is difficult, if not impossible, to achieve in physical experiments. That
promotes a fair performance comparison since it evaluates every system with the
same input.

Seven different metrics evaluate the vehicle's performance in deceleration
maneuver$223]. The metrics are listed below:

1. Longitudinal acceleration i ¥i
2. Jerk while releasing accelerator pedadifi
3. Jerk while pressing the brake pedali

4. Jerk while releasing the brake peddi

5. Jerk while pressing the accelerator pedal from a braking manéufier
6. Quickness in
7. Minimum trailing distance and time

Nonetheless, with the driving simulator, all seven metrics could be
evaluated without any change to the model; for this study, the longitudinal
acceleration, measured at the vehicle center of gravity, and the jerk, measured at

the driver seat, while pressj the brake pedal are evaluated.
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Figure6.14, Figure6.15, andFigure6.16 show the deceleration curves of
each evaluated scenario for 10%, 20%, and 30% brake pedal travel, respectively.
For short pedal travel, the parallel regeneration strategy develops a 25% higher
deceleration level than the series regeneration strategy, isl@achetric that shows
a faster braking response for the parallel strategy. An average of 25% quickness for

the parallel regeneration is seen along all the brake pedal curves.

Deceleration vs Brake Pedal at 10%
0.05 T I

Parallel Regen / Gurb+100

Series Regen / Curb+100

Parallel Regen | GYW 9
ies Regen / GVW

Acceleration [g's]
o
o
Brake Pedal Travel [%)]

1 1.5 2 25 3 3.5 4

Time [s]

Figure6.14: Braking Maneuver at a 10% brake pedal.
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Figure6.15: Braking Maneuver at a 20% brake pedal.
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Figure6.16: Braking Maneuver at a 30% brake pedal.
The perception of an uncomfortable maneuver increases almost linearly
with the longitudinal acceleration level. Longitudinal accelerations greater than 2
a7t , or approximately 0.2 g's are considered uncomforf@®é]. The parallel

regeneration strategy delivers its deceleration at 10% brake pedal position when the
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vehicle is at curb weight plus 100kg. Meanwhile, the series regeneration strategy
presented this acceleration at a 30% brake pedal position.

In nonemergency longitudinal accelerations, jerks et.3 a7l are
considered normal and comfortable, and jerks of t&d & are considered
acceptable, and above that are considered uncomfortable, with jerks ab@ve 8
being acceptable only for emergency accelerafi®d4].

The comfort comparison of each brake regeneration strategy relies on the
jerk analysis while pressing the brake pedal for all four studied cases and all seven
levels of pedal position. The jerk was calculated from the acceleration measured at
the driver'sseat, as proposed f¥25]. The results estimated from the reavers
executed using the driving simulator are presentétdguare6.17.

The uncomfortable limit of & 71 jerk is achieved at 10% of brake pedal
travel when the vehiclis at curb weight plus 100kg and 55% of brake pedal travel
at GVW. The jerks caused by braking maneuvers using the parallel strategy were
always above the range considered comfortable(¥i5 , regardless of the pedal
position and vehicle deceleration.

On the other hand, the series regen strategy delivers very comfortable
acceptable jerk behavior for all lelevel accelerations (below 0.3 g's) when in its
curb weight plus 100kg and comfortable braking conditions when in GVW. The

series regeneration showdbetter braking performance for comfort.
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Figure6.17: Jerk while pressing the brake pedal for four vehicle configurations and

seven different pedal positions.

6.4 Summary

This chapterintends to demonstrate the ability to integrate a propulsion
system model developed in a etienensional modein-the-loop approach applied
in a driverin-theloop simulation to evaluate different regenerative braking
strategies. The logged data from tirever-in-the-loop simulation confirmed the
subjective perceptions of the driver.

Nevertheless, thetudy caselemonstrates a better energy efficiency and
driveability performance of the series regenerative braking system compared to the
parallel regenerative braking system. The efficiency difference is bigger when

compared with the vehicle at full load and canasehigh as 44% for urban

209



Ph.D.Thesisi Daniel Goretti L. Barroso McMasteri Mechanical Engineering

application, as seen in the New York City Cyle. The drivability difference is bigger
when the vehicle is empty.

Efficiency is even more important for commercial vehidege it directly
impacts the total cost of ownership, which tiee most important functional
objective for these vehiclesn future studies, the author foresebe need for
researchthatsolves the efficiency of parallel braking systamithout the need to

add complex and expensive bradikgwire systems.
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Chapter 7
Adapt atPevdeariOn e

Regenerative Br aki

The transportation system is one the most significant contributors to air
pollution and CO2 emissions, being one of the leading causes of the global average
temperature increase. During the COVID great lockdown, with the shutdown of
the economy, we have seen the transportation system contributing to a/daily
MtCO2, as mentioned in Chapter 2, a 36% reduction compared to the previous year.

More than a billion vehicles are on the streets worldwide, and every year,
more than 80 million new vehicles get to our cities' streets and highways. The
electrification of 40% of the transportation system, powered by renewable
electricity, is a way of heing meet the targets defined in the Paris Agreement to
limit the average temperature increase to 1.5C by 2030, as concluded in Chapter 2.

Electric vehicles are economically attractive since their total cost of
ownership is about 80% lower than the equivalent vehicle equipped with an internal
combustion engine. These differences will vary depending on the daily mileage and
factors such as taksystem efficiency. The benefit limits of electric vehidesnot

include their positive environmental impacts. Still, their lower total cost of
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ownership makes electric vehicles very attractive economically, therefore being a
natural choice for fleet operators.

In 2022, electric buses and trucks represented 4.5% and 1.2% of the total
sales, respectively, and 90% of the electric trucks were boxe trucks with a max
GVW of 10,000 Ibg226]. [227], indicates that by 2035, 50% of all new buses and
trucks will be electric and that by 2040, 40% of all commercial vehicles worldwide
will be full electric vehicles.

The utilization of electric motors creates a wide range of new operational
modes, as stated in Chapter 3, and one operating mode is crucial to improving the
electrified vehicles' efficiency: regenerative braking. Accordinghiapter 6there
are three ways of performing regenerative braking: series and parallel, which both
uses the brake pedal as the sensor to command the braking, apedafdrive
(OPD), which uses the accelerator pedal to command positive and negative Torque.

The performance of the braking system and the braking "feeling” are
essential safety and driveability attributes. As stated in Chapter 6, decelerations of
up to 0.3 g's are considered kbevel accelerations and, in electric vehicles, can be
fully executedoy the electric motors.

Regenerative braking increases the total propulsion system efficiency of
electric vehicles; however, the benefits of regenerative braking are a function of
the brake subsystem architecture and the control calibration. The energy

consumption difference hgeen series regenerative braking and parallel
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regenerative braking in a 10,000 Ibs commercial vehicle can reach up to around
50%, depending on the driving cyc]228].

Although the series regenerative braking provides clear benefits to the
system's energy efficiency, its application depends on a complex braking control
module, which integrates electronic and dotk braking systems (EBS and ABS)
with a brakeby-wire pelal, allowing the braking system to control the electric
motors without acting to the hydraulic or pneumatic braking circuit. The
development of sucasystem requireanumber of vehicles to be tested in a "zero"
drag surface, which makes its developmany expensive.

Even if ABS and EBS are very common in ligiassenger vehicles, and
brakeby-wire is becoming the standard for electric vehicles, the same is not valid
for commercial vehicles, which usually are produced in low volume and don't
receive technologies that require high volume production to pay back the
investment of developing its application. In this context, the OPD becomes a vital
option to optimize the ability of commercial vehicles to recover energy during
decelerations.

The OPD allows the driver to launch, accelerate, brake, park, and stop the
vehicle only using the accelerator pedal. The accelerator pedal generates the signal,
and the electric machines work as a single actuator to brake the vehicle. The OPD
allows the dwer to operate the vehicle naturallyy only using one pedal while
freely selecting the intensity of the accelerations or allowing the vehicle to coast or

creep, depending on the pedal's posifiv].

213



Ph.D.Thesisi Daniel Goretti L. Barroso McMasteri Mechanical Engineering

However, the braking acceleration is a function of the vehicle mass and the
applied braking force. For a vehicle with a gross vehicle weight 100% heavier than
its weight when empty, the same braking force that produces a braking acceleration
of 0.3 g's alGVW will deliver an acceleration of 0.6 g's at its curb weight. This
level of acceleration is seen during an emergency braking.

An efficient OPD calibration for the loaded vehicle wouldn't be safe and
comfortable in the empty vehicle, and an optimum OPD calibration for the empty
vehicle wouldn't be efficient and generate enough braking torque for the loaded
vehicle.

This Chapter proposes an adaptative-paéal drive (AOPD) strategy for
electric commercial vehicles, which addresses the problem of an optimum OPD for
commercial vehicles with significant differences between curb and gross vehicle
weight (GVW).

The proposal consists of an algorithm that estimates the actual vehicle
running mass and road grade using an RLS (recursive least square filter). The
estimated running mass is a classification variable that chooses between pre
calibrated AOPD regenerativéorque maps. For this Chapter, three levels of A
OPD torque maps are used.

The strategy allows the driver to feel the OPD operating similarly,
independent if ahecurb or GVW or at an intermediate weight between the lower

and upper weight limit. The OPD is intended to increase the overall energy
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efficiency of reatworld driving while simultaneously mataining driveability,
performance, and safety.

In this Chapter, we presented the driewire pedal for torque management
control and how itis used to control the conventional gmedatdrive (OPD)
braking. Then, we present an@PD method application and the central role of
the RLS filter for mass estimation in addressing this challenge. Subsequently, we
outline the results fothe AA-OPD method compared to a conventional Od&tid
series and parallel regenerative braking, which are commanded by using the braking

pedal.

7.1 Electric Vehicle Controls

During an automotive product development phase in the 1970s, the auto
industry spent about 5% of the vehicle's validation resources on ed@ttoonic
components and software. In the 2010s, this number reached 35% of all validation
tests and resource®Vith the introduction of electric vehicles, complex ADAS
systems, and newer OTA (oveire-air) features, today, 50% of all test resources
are dedicated to electadectronics and SW validation. Entigvel vehicles have
approximately 100 electric controhits (ECUs), while higkend electric vehicles
have around 150 ECUs, reaching about 150 million lines of [@2$3.

Vehicles are becoming softwadefined machines, whereas mechanicals
are becoming commodities, and at the same time, their software application features
significantly impact the product value. Software is what differentiates automobiles
[230].
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Typical automotive controls and electetectronic architecture have several
domain controllers that consolidate and control the functionalities of vehicle
subsystems, such as propulsion systems, chassis, body, infotainment, and ADAS,
among others. The canunication between all controllers usually works with high
speed CAN. Still, lowspeed communication can also work with LIN protocols, and
more advanced architectures have Fsgeed ethernet and wireless
communications between the controllg31].

Figure 7.1 shows a layout to exemplify the context of a vehicle controls
architecture with its domain controllers. Tiifaptempresentsan adaptative onre
pedal drive functionalitya function of the propulsion system domain.

All domain controllers have software layers. The interface layer reads and
writes digital and analog signals and CAN, LIN, Ethernet, and Wireless IDs. The
conditioner layers transform the signal and IDs into physical values or the physical
values into sigals and message IDs. The application layer is where the software

processes its control algorithf&32].

216



Ph.D.Thesisi Daniel Goretti L. Barroso

McMasteri Mechanical Engineering

| I [ |47 |]3= ! .-"s\'.

I Subsystem | W (6o

1 | Propulsmn System \ Chassis Infotainment Y Vehicle

1 |

1 |

1 | ( ECU J J ] ]

1 |

1 |

| N I —[ Inverter ] —[ Brakes ] —[ Audio ] —[ Dash-Board ]

I Controller |

| | 4[ Battery ] 4[ Steering ] 4[ Screen ] 4[ Doors ]

1 |

1 | —[ Charger ] —[ Suspension ] —[ Phone ] —[ Seats ]

1 |

! e T e T e B e B

1 |

1 |

I Software | [_Application ] (__ Application ]  (_Application ] (__Application )

1 Layers ! ( interface ] [ Interfface ] ([ Interface ] [ Interface ]

: : ( Communication (CAN, ethernet, etc) ]

! : Torque I . P-m'Ty Usabili

| | Management Safety uiegration &

: Requirements : Charging Ride Comfort R:-adm. ((:Zélfrlllfao‘f:r
\\ e 7 Navigation y

Figure7.1: Vehicle controls architecture layout.

The application layer of the propulsion system has four main macro
functions: charging, initialization, fault and diagnosis, and drive. It has six other
macraefunctions inside the drive function, including torque management, which
contains the torque regstecalculation chainFigure 7.2 shows the simplified
macralayout of the propulsion system domain controller, Bigdire7.3 shows the
simplified macrelayout of the propulsion system torque management functions

[232].
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Figure7.2: Propulsion system controller madeyout.
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Figure7.3: Torque Management Function madagout.
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Figure 3.2, shown in Chapter3, presents all the subsystems of the
propulsion system, anBligure 7.1 eludes the interoperability of the propulsion
domain controller with its subsystem controlldfggure 7.3 illustrates the macro
layout of the torque management, consisting of the vehicle's operational status
while turned on.

Figure 7.4 shows the interoperability of the propulsion domain controller
with its subsystems, executing the function of producing Torque to move the
vehicle. The torque production starts with the driver's command through the
accelerator and brake pedals. The prsijonl domain controller calculates the
torque request and commands the Torque to the electric motors, considering aspects
of the emachine and battery limitations and other inputs to limit Torque and speed
(usually from the chassis subsystem while executiegvheel's antiock and ant

slipping functions).
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Figure7.4: Propulsion System Domain Controller Interoperability with Propulsion
Subsystems Controllers.

7.1.1 Drive-by-wire accelerator pedal

In modern vehicles, the accelerator pedals are of the-dyiwere type. It
consists of a hakffect sensor connected to the pedal, which produces a linear
voltage signal as the pedal mo\283]. From this physical signal, the propulsion
domain controller calculates the Torque required from the drives and determines
the Torque delivered to the wheels, considering the constraints imposed by the e

machine, battery, and chassis.
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This section explains how a dripy-wire accelerator pedal works and how
it acts as the primary input to the torque request calculdigare?7.5 shows how
the torque command chain works, from the pedal command to delivering the

Torque to the wheels and the speed feedback that closes the control loop.

Speed

Accelerator Pedal g N
Sienal Torque Request
= Calculation — Vehicle Wheel
(Pedal Maps)

, o ——— = — - \ Torque
I E-I\/Iacll!lle. L
I Torque Limit 1
I I
1 I Torque Command
1 [ 1
1 Battery 1
1 Power Limit T
1 I J
N ___ - 4 Torque Command

Torque Command Calculation
Constraints

Figure7.5: Torque command chain.

Figure7.6 provides a more halepth view of the torque request calculation.
It consists of three main steps: the pedal position calculation, the driver's desired
acceleration with a normalized torque curve as a function of the pedal position, and
the required torquealculation. These are all calculated from calibratable lockup

tables.
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CdlLuldlmu Calculation Request Calculation H
Accelerator Pedal 4
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===p Digital Signal m—p Torque Messages
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Figure7.6: Torque command calculation chain using diidyewire accelerator pedal.

7.1.1.1 Pedal Position Calculation

Figure 7.7 shows an example of a linear relationship between the pedal
position and the voltage signal produced by the doievire accelerator pedal.
Equation(7.1) shows the pedal position calculation, which is the torque request
calculation's first step, shown Figure7.6.

- n (7.1)
V)
n

Where is the pedal position, defined in a percentage, is the voltage
measured when the pedal is fully pressed (representing 100% pedal position), and

n is the voltage produced at its instant driving position.
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Figure7.7: Accelerator pedal senssignal.

7.1.1.2 Normalized Pedal Map Calculation

The pedal position translates the driver's desire for Torque and acceleration.
According to[234], the drivefrequired Torque is calculated from an accelerator
pedal curve, which produces a torque fraction output as a function of the pedal
position. That curve is calibrated to deliver a specific torque response, such as
sportiveness or energgfficient driving. It is a sensible variable that considerably
affects the vehicle's driveability and the quality perception of its performance.
Figure7.8 shows an example of an accelerator pedal map with normalized torque
output as a function of the pedal position. This is the second step of the torque

request calculation.
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Figure 7.8 also shows the curves of linear, sport (aggressive), and eco
driving modes. They differ in regards to how quickly the Torque is delivered from
the motor to the wheels and the progressiveness of the torquaipa@ipvariables
that influence the vehicle rideability quality and the driver's performance

perception.

Calibrated Pedal Map

<
o0

<
o)

o
~

<
&)

Normalized Torque Factor

0% 20% 40% 60% 80% 100%
Pedal Travel

----- Linear —Aggressive/Sport --- Eco Mode

Figure7.8: Normalized Accelerator Pedal Map for Different Driving Modes.

7.1.1.3 E-Machine Torque Request Calculation
The output of the normalized torque calculation is the input for the e
machine required torque calculatioBquation (7.2) represents the-machine

calculationneeded for Torque
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"V 08QY h na (7.2)

Where™Y;, is the emachine required Torque, L is the normalized Torque

calculated from the pedal mapkifjure7.8, and’'Q"'Y I is the peak torque map
of the emachine, wheré&Y s the peak torque for a given motor speed(The
replationship of motor speed and wheel speed is linear for sspgked electric
drive units.

Equation(7.2) produces the pedal torque map, where the input is the pedal
position and motor speed, and the output is the required Tdfiguee7.9, Figure
7.10, and Figure 7.11 are examples of pedal torque maps calculated using the
accelerator pedal maps Bigure 7.8 and the peak torque maps of a typical PM e

machine.

Agressive/Sport Pedal Torque Map
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e-Machine Speed []

~--100% —-90% —-80% —-70% —+-60% —50% —-40% —-30% —+-20% —-10% —=-0%

Figure7.9: Aggressive/Sport pedal torque map.
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ECO Mode Pedal Torque Map
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Figure7.10: Eco mode pedal torg map.
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Figure7.11: Linear pedal torque map.

226



Ph.D.Thesisi Daniel Goretti L. Barroso McMasteri Mechanical Engineering

The above represents the functioning and torque management calculations
for a vehicle not equipped with the OPD mode. It means how a pedal map produces
positive Torque and acceleration. In this case, coasting is enabled when the pedal
is at 0% position. Téh OPD is presented in more detail in the next session as an

evolution of the standard drixey-wire torque management calculation.

7.2 One-PedalDrive

Compared to an ICE vehicle, an electric car can perform decelerations only
by using the electric machines as the source of braking torque; simultaneously, it
recovers electric energy to the battery pack, theafled regenerative braking
[235].

The OPD strategy uses only the accelerator pedal to perform positive and
negative acceleration, braking, and parking. When the driver presses the accelerator
pedal, the motor will react with a positive torque to produce a positive acceleration.
When the dwer releases the pedal, it will produgeegativetorque that breaks the
car and recovermsnergy.

Because of the OPD feature, the brake pedal, and as a consequence, the
friction brakes are much less used, decreasing the fatigue of stop and go during
traffic jams and simultaneousigcreasing the life and reducing the maintenance
cost of the friction brakes. At the same time, it helps to improve overall propulsion
efficiency.

In [236], the researchers tested and compared the OPD and conventional

two-pedaldriving regarding the driver's emotions, enjoyment of driving, and
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cognitive working loads (an indication of driving fatigue). The results show
increased driving pleasure and reduced mental workload when using OPD. The
researchers used an electroencephalography exam to associate questionaries among
multiple drivers and gbctive measurements.

OPD is becoming a mainstream functionality for electric passenger
vehicles.For example, Tesls Model 3, Model Y, Model X, and Model S are all
equipped with thesfeatures. Teslas also offers, through its HMI (Human Machine
Interface) screen, the possibility to calibrate the intensity of the OPD. Other
Automakers, such as Volkswagen, Stellantis, and Nissan, also offer OPD in their
electric vehicles. However, OPB not often found in commercial vehicles like
trucks and busg237].

In OPD, the negative Torque produced is a function of the pedal position
when the drivers release the accelerator pedal. For example, at very low speeds, the
OPD function is disabled to allow efficient creeping, and for high speeds, the
amount of deceler@n originating from OPD is low, allowing for efficient highway
coasting238].

Figure7.12 andFigure7.13 show a deceleration maneuver's electrical and

mechanical Power flows with parallel regenerative braking and OPD, respectively.
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Figure7.12: Parallel regenerative braking power flow.

[ E-Power

HV Battery

——

Figure7.13: Onepedatdrive regenerative braking power flow.

Figure 7.14 shows a fourquadrant view of the pedal maps for a
conventional regenerative system with parallel braking architedtigare 7.15

shows the fouguadrant pedal map for a simplified OPD strategy.
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Figure7.14: Conventional parallel regenerative braking foguadrant pedal map.
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Figure7.15: Fourquadrant pedal map with OPD and conventional parallel regenerative
braking architecture.

An analysis ofigure7.15identifies five OPD maneuver moments: launch,

accelerating, coasting, braking, and stopping.
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Launch is when the driver touches the accelerator pedal, and Torque is
delivered to the wheels to start the vehicle's motion and initial acceleration. Launch
and acceleration are crucial moments for vehicle driveability, where the feeling of
pedal quicknes in providing movement and the acceleration buildup impacts the
driver's perception of the propulsion's powerfulness. At the same time, the
acceleration buildup needs to be smooth without causing jerks and unpredictable
acceleration§238].

Coasting is the moment when the vehicle coasts freely, and the only forces
acting to slow down the vehicle are the road load forces (Aerodynaimeaslling
resistance, and mechanical drag resistance from the brakes, transmission, driveline,
and the motor back EMF, electnoagnetic force, if of PM type)lhe transitions
from accelerations and brakings to coasting should be smooth, without any
unpredictable accelerations, and the driver should naturally find the OPD position
to start coasting238].

Braking and stopping are other maneuvers as critical as the launch and
acceleration. During these maneuvers, the driver adjusts the acceleration pedal
position to brake the vehicle, and decelerations up to 8.2igually could be
achieved. The slowdown can occur until the velstdps However, at speeds close
to 0 km/h, the intensity of the regeneration should be very low to allow a
comfortable and smooth stopping maneuver and for precise pedal control during

parking.Some studies of OPD show that foraoth and safe deceleration control,
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steps of 5% in the pedal control should be an equivalent of approximately 0.03 g's
of deceleratiorj238].

There are other factors to take into account when designing an OPD. The
accelerator pedal tim and tipout at any vehicle speed should not cause ey |
or unexpected behavioht the same time, theraachine torque reactiameeds to
follow the drivets desire for acceleratiorr draking.

Rulebased OPD, such a#$igure 7.15 usually lacks driveability
performance. Since the launch and acceleration happen only after the braking and
coasting regions, there is a feeling of a fpdsy area without any positive torque
response.

Advanced control methods work in reahe to predict the driver's intention
to accelerate, brake, or coast to overcome the driveability isBu¢239], the
authors propose a fuzzy fuzzy logic; [235], the authors propose thélization of
a PID controller.

This Chapter will use the ruleased approach to present the adaptative one
pedatdrive as a function of the vehicle mass.

Figure7.16 presents the modified torque command chain with an additional

step for the driving mode classification: braking, coasting, or accelerating.
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Figure7.16: Torque command calculation chain using difiyewire accelerator pedalith

OPD driving mode classification.

The driving mode classification follows the rules as shown bellow:
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Where 0 is the accelerator pedal position), Is the calibrated pedal

position where positive torque command begins éncﬂndicates the desire to

increase the vehicle velocity if greater than zero and the desire to reduce the speed

if lower than zero.
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7.2.1 Acceleration and Coasting

Figure 7.17 shows a variation ofFigure 7.8 linear pedal maps in the
acceleration zone, adapted for the +desed OPD approach, and the resultant

torque pedal maps are showrFigure7.18.

OPD Pedal Map (acceleration zone)

S}
Z 0.1

0% 20% 40% 60% 80% 100%
Pedal Travel

Figure7.17: OPD Normalized Pedal MapAcceleration Zone.
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Figure7.18: OPD Normalized PeddlorqueMap - Acceleration Zone.

When at the coasting region, the torque demand is equal to zero.

7.2.2 Braking

While in the OPD region (braking), the max acceleration for the OPD
should not surpass the trash hold of 0.2 g's to provide a safe and comfortable
deceleration. However, this level of acceleration makes the OPD uncomfortable
and inefficient for highways ahlow-speed driving and parking maneuvers. For
these conditions, lower levels of accelerations are more appropiigtee 7.19
presents an example of a desirable max OPD brake regeneration curvé where

represents the maximum OPD torque, a@nd is the maximum torque

factor at the maximum vehicle speed. The variables and 0 are speed
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