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ABSTRACT

In order to improve the fuel economy and to satisfy the customer
acceptance constraints, Hybrid Electric Vehicles (HEVs) were introduced
in the market. By integrating an internal combustion engine and an
electrical system (one or more electric motor/generators (MGs) and a
battery) in the powertrain, HEVs can combine the benefits of electrical
vehicles and conventional internal combustion engine vehicles.

In this research project, the problem of optimizing the design of parallel
P2 full and plug-in HEVs powertrain was addressed considering as test
vehicle the Fiat Ducato delivery van. The exploration of the design space
is done using a brute force, by varying only two design parameters and
fixing the others (the 7 design parameters are: engine power scale,
hybridization factor, battery capacity and gear ratios), the best candidates
which are the best design solutions for our hybrid delivery van are
identified based on multiple performance objectives: the fuel consumption,
battery energy consumption, CO2 emissions, total cost and 0-100km/h
acceleration time test.

We used as control algorithm to accelerate the prediction of the fuel
economy the near-optimal off-line control algorithm known as SERCA
algorithm starting from a vehicle model implemented in MATLAB
software and various predefined drive missions. Then the particle swarm
optimization algorithm was employed to calculate the best CO2 emission

minimization and best total cost.



ACKNOWLEDGEMENT

I would like to express my special thanks of gratitude to my project guide Prof.
ANSELMA Pier Giuseppe as well as our principal Prof. BELINGARDI Giovanni
who gave me the golden opportunity to do this wonderful project on the topic
‘DESIGN OPTIMIZATION OF POWERTRAINS FOR FULL AND PLUG-IN
HYBRID ELECTRIC DELIVERY VANS’, which also helped me in doing a lot
of research and I came to know about so many new things I am really thankful to
them.

Secondly, I would also like to thank my parents and friends who helped me a lot

in finalizing this project within the limited time frame.






Table of Contents

D2 N 11 1 Tt iii
AcCKnowledgement ....cooouvviiiiiiniiiiiiiiiniiiiiinntiiiiiinntiicittnsscscssensscees iv
LiSt Of fIGUIES coeeiiiiiiiiiiiiiiiiiiiiiiniiiniiiiiniiiininieiiniieeeienneeeeeeneeseeseseessssesssssssssssssssens ix
LiSt Of taDIES «.uuuuueerneeiiiiiiiiiiiintnnnttteiiicciinsnnnnntteeeeescsssssssnsssssseesessssssssssssssnes XV
Definitions, Acronyms, ADDreviations ......ccccceeeeeeeeiienieinnnnnnnnnnenneeeneeeeeeeenens xxiii
@) 1141 1) o 1
INErOAUCTION c.uuuueeeereiiiiiiiiiiiiiiintnnntettieeeccisinnnnseeeteescsssssssssssssseeessssssssssssssssssns 1
1.1-BacCK@rouUNd: .....cceeeeeeeeeeeeeeeeeeeeeseessessssssssssssssssssssssssssssssssssssssssssssssssssssssses 1
1.1.T-Electric VEhiCIes: ........uuiiiiiiieeeeiiieeee et 1
1.1.2-Hybrid electric VEhICIes:........cccevveeeiiiiiiiiiiieee e 2
1.1.3-Plug-in hybrid electric vehicles: .........ccccvvveiiiieiiiiiieeee e, 2
1.1.4-HEV powertrain architeCtures: ..........cccvvvieeeeeeeeeeeiiiiiieeee e e 3
1.1.5-Electric motor(s) positions in the powertrain:.............ccccceeeeeeeeecnnnnnene. 5
1.1.6-Transmission technolo@ies: ...........ccccvvviiiiiiiieieieeceee e, 6
1.1.7-Degree of hybridization:............ccooeeeiiiiiiiiiiee e 6
1.2-ODj ECHIVE: euvvrrrrrrrrrrsrsesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 7
1.3-OUtliNe: ....coiiiiiiiiiiinnnnnnitiiiiiiiiiisinnnnstetiecssssssssssssssssssssssssssssssssssssssssssssss 8
L@ 1 T21 1113 /R 9
Literature FEVIEW a.uueccciiiiiiiiiiiiisnnnnniiiiiiccisisssssnssseeissesssssssssssssssssssssssssssssssssssses 9
2.1-Powertrain modeling:........cccoeveirrisssssssssssssssssssssssssssssssssssssssssssssssssssssssses 9
2.2-HEYV CoNtrol: ....cccooeiiiinnnunneeeeeenccccisssssssnnneeeeesscsssssssssssssaeeesssssssssssssssnes 11
2.3-Powertrain component sizing methodology: .........ccccceececeeeceeernreneneneees 13
2.3.1-Powertrain COmMpPONENtS: ........cccevviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee e 13

Vi



2.3.2-Design Space eXPloTation: .........ceeeeeeeeeeiiuriirieeeeeeeeeesieiirreeeeeeeeeeeennns 13

2.3.3-Optimization algorithms:...........cccceeeeiviiiiiiiiiiiieee e 14

O] 1111 1) G 15
Powertrain modeling and HEV CONtrol.......ccccciviiiiiiiiiiiiiniiisisccssssssscssssssssnns 15
3.1-Powertrain modeling: .....cccccceeeeeeeeiiniinninnnnnnnnnnennnnnenneeneneeeeeneeesessseeeseenens 15
3.1.1-Parallel P2 HEV . ...t 15
3.1.2-HEV modeling approach:...........cccccviiiiiieieeiiieeeee e, 16

R 2 & I DA A 1) 110 1) Nt 19
3.2.1-HEV off-line control: ..........ccceeveiiiiiiiiiiiieieee e 19
3.2.2-SERCA algorithm: ..........ccoviiiiiiiiiiiiiiiiiee e 21
ChaPLEr 4.....oiiiiiiiiiiiiiniiiiinisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 23
Simulation and ReSUILS ........cccvvvviiiiiiiiiisiiiiiississsssssssssssssssssssssssssssssssssssssssssses 23
4.1-Baseline data and Sizing Parameter: ........ccceeeeeessssssssssssssssssssssssssssssons 23
4.2- 0-100km/h acceleration time test: .......cccceerrrrrrrrrsssssssssssssssssssssssssssssons 25
4.3- Fuel consumption eStimation: .......cccoeeeeesssssssssssssssssssssssssssssssssssssssssses 30
4.4-Drive CyCles:.....cciiiiiiiiiinvnnnnriieiiiiiiississnnneenieeicssssssssssssssssssssssssssssssssssse 30
4.5- Calculation of the total mass and total cost of the vehicle: ............... 32
4.5.1-Total vehicle Mass:..........eeieeviiiiiiiieiiiiee e 32
4.5.2-TOtal COSL: wuviiiiiiiiiieeeeiie ettt e e e e e e e e e e 33
4.6-Optimal sizing of powertrain COmponents: .........ccccceeeeeeeecccccssccsnnnnnes 35
4.6.1-Two variables optimizZation: .............cceeeeuvriiiiieeeeeeeecciiiieee e e e e 35
4.6.2-Particle Swarm optimization: .............ccccevuviiiiieeeeeeeeeiciiiieeeeee e e e 91
Conclusion and further Work .........ccoceeeeiciisnneeiccissnnneeccnssnneeeccsssnneecccssnnes 93
L A (4 ) 1 TV PPPPPTPPPRRRTN 95

Vi



viii



List of figures

Figure 1- Series HEV configuration [37] .....cccooviiiiiiiieiieieeieeeee e 4
Figure 2-Parallel HEV configuration [37].....ccccovvviiiiieeeeieiiiiiiieeee e 4
Figure 3- Power split HEV configuration [37] ........cooeiviiiiiiiniiiiiiiiiiiieeeeee 5
Figure 4- Parallel P2 HEV 1ayout [4] ..ccooeeeeeeeeeeeeeeeeee e 15
Figure 5- Workflow of SERCA algorithm ............cccciiiiiiiiiiiee 22

Figure 6-Variation of the ICE power scale in function of the 0-100km/h
ACCEIETATION IMIE .....eiieeeeiiit ettt ettt e e et e e e e e e e 27

Figure 7-Variation of the total ratio in function of the 0-100km/h acceleration

Figure 9- Variation of the final drive ratio in function of the 0-100km/h
ACCEIETATION TIMIE .....veiee et ettt ettt e e e ettt e e e et e e e e e eeeeeneee 28
Figure 10- Variation of the ratio between EM and transmission in function of the
0-100km/h acceleration time ...........eeeeeeeriiiiiiee et 28
Figure 11-Variation of the hybridization factor in function of the 0-100km/h
ACCEIETATION IMIC .....veieeeeiiitee ettt e et ettt e e e ettt e e e e et e e e e e naaaeeeeennes 29

Figure 12- Variation of the battery cell number in function of the 0-100km/h

ACCEIETALION IMIE ....eeeiuiiiiiiiiiie ettt et e et e et e e eens 29
Figure 13- WLTP drive CYCIe......uuviiiiiiiiiiiiiieeeeeee e 31
Figure 14-NREL Baltimore drive cycle ........ccooevviiiiiiiiiiiiiiiee e 32
Figure 15- MATLAB code for the vehicle mass calculation ...............cceee...... 33
Figure 16- MATLAB code of Total cost calculation in WLTP drive cycle ...... 35

Figure 17- Pareto-Frontier of the results obtained by the variation of ICE power

scale and the number of cells in the battery...........oooeeeiviiiiiiieiiie. 37


file://///Users/maya/Desktop/Thesis/thesis%20report%20first%20version.docx%23_Toc82436321
file://///Users/maya/Desktop/Thesis/thesis%20report%20first%20version.docx%23_Toc82436321

Figure 18- Pareto-Frontier of the results obtained by the variation of ICE power
scale and total TATIO .......oovuuviiiiiiiiiiee e 38
Figure 19- Pareto-Frontier of the results obtained by the variation of ICE power
scale and @Ears NUMDET ...........uviiiiieeeiieiiiiiiiieeee e e e e e eeeirrreee e e e e e e e e e neenreeeeeeeens 39
Figure 20- Table representing the powertrain configurations that ensure the fuel
economy, best 0-100km/h acceleration test and the trade-off by the variation of
ICE power scale and final drive 1atio .........cccceeeeeeeeieeccciiiiiieeee e 39
Figure 21- Pareto-Frontier of the results obtained by the variation of ICE power
scale and ratio between EM and tranSmission ..........cceeeeeevniiieeeeiniiieeeeeenneeeen. 40
Figure 22-Pareto-Frontier of the results obtained by the variation of ICE power
scale and hybridization factor ............cccccciiiiiiiiiiei e 41
Figure 23- Pareto-Frontier of the results obtained by the variation of
hybridization factor and total ratio .............cccceciiiiiiiieiie e, 42
Figure 24-Pareto-Frontier of the results obtained by the variation of hybridization
factor and Gears NUMDET ............uviiiiieeeeiiciiiiiiee e e e e e e e e e e e e e e eearaaeeeeeees 42
Figure 25- Pareto-Frontier of the results obtained by the variation of
hybridization factor and final drive ratio..........ccccceeeiiiiiiiiiiiiee e, 43
Figure 26- Pareto-Frontier of the results obtained by the variation of
hybridization factor and ratio between EM and transmission ........................... 44
Figure 27-  Pareto-Frontier of the results obtained by the variation of
hybridization factor and battery cell number..............ccceeeeeiiiiiiiiiiiiiiieee, 44
Figure 28-Pareto-Frontier of the results obtained by the variation of ICE power
scale and battery cell number , (a) fuel consumption, (b) net battery energy
consumption in CD mode in function of 0-100km/h acceleration time, and the
TrAAE-0T ..o e 45
Figure 29- Pareto-Frontier of the results obtained by the variation of ICE power
scale and total ratio, (a) fuel consumption, (b) net battery energy consumption in

CD mode in function of 0-100km/h acceleration time, and the trade-off.......... 46

X


file://///Users/maya/Desktop/Thesis/thesis%20report%20first%20version.docx%23_Toc82436322
file://///Users/maya/Desktop/Thesis/thesis%20report%20first%20version.docx%23_Toc82436322
file://///Users/maya/Desktop/Thesis/thesis%20report%20first%20version.docx%23_Toc82436327
file://///Users/maya/Desktop/Thesis/thesis%20report%20first%20version.docx%23_Toc82436327

Figure 30-Pareto-Frontier of the results obtained by the variation of ICE power
scale and gears number, (a) fuel consumption, (b) net battery energy consumption
in CD mode in function of 0-100km/h acceleration time, and the trade-off......47
Figure 31-Pareto-Frontier of the results obtained by the variation of ICE power
scale and final drive ratio, (a) fuel consumption, (b) net battery energy
consumption in CD mode in function of 0-100km/h acceleration time, and the
TrAAE-0TT ... 48
Figure 32-Pareto-Frontier of the results obtained by the variation of ICE power
scale and ratio between EM and transmission, (a) fuel consumption, (b) net
battery energy consumption in CD mode in function of 0-100km/h acceleration
time, and the trade-off............ooooiiiii e 49
Figure 33-Pareto-Frontier of the results obtained by the variation of ICE power
scale and hybridization factor , (a) fuel consumption, (b) net battery energy
consumption in CD mode in function of 0-100km/h acceleration time, and the
TrAAE-0TT ... e et 50
Figure 34- Pareto-Frontier of the results obtained by the variation of
hybridization factor and total ratio, (a) fuel consumption, (b) net battery energy
consumption in CD mode in function of 0-100km/h acceleration time, and the
13621 S0 i U PUPUPRUPRTPPP 51
Figure 35-Pareto-Frontier of the results obtained by the variation of hybridization
factor and gears number, (a) fuel consumption, (b) net battery energy
consumption in CD mode in function of 0-100km/h acceleration time, and the
TrAdE-OTT ... e 52
Figure 36- Pareto-Frontier of the results obtained by the wvariation of
hybridization factor and final drive ratio , (a) fuel consumption, (b) net battery
energy consumption in CD mode in function of 0-100km/h acceleration time, and

TE TTAAC-OTT .. oo e e et e e 53

Xi



Figure 37-Pareto-Frontier of the results obtained by the variation of hybridization
factor and ratio between EM and transmission, (a) fuel consumption, (b) net
battery energy consumption in CD mode in function of 0-100km/h acceleration
time, and the trade-off...........cooooriiiii e 54
Figure 38-Pareto-Frontier of the results obtained by the variation of hybridization
factor and battery cell number and transmission, (a) fuel consumption, (b) net
battery energy consumption in CD mode in function of 0-100km/h acceleration
time, and the trade-off............ooooiiiii e 55
Figure 39-Pareto-Frontier of the results obtained by the variation of ICE power
scale and differential gear ratio, (a) fuel consumption, (b) total battery energy
consumption all in function of 0-100km/h acceleration time, (c) total cost in
function of CO2 emission and the trade-off ...........cccooooiiiiiii 57
Figure 40-Pareto-Frontier of the results obtained by the variation of ICE power
scale and differential gear ratio, (a) fuel consumption, (b) total battery energy
consumption all in function of 0-100km/h acceleration time, (c) total cost in
function of CO2 emission and the trade-off ............ccooooiiiiiiiii 58
Figure 41-Pareto-Frontier of the results obtained by the variation of ICE power
scale and hybridization factor, (a) fuel consumption, (b) total battery energy
consumption all in function of 0-100km/h acceleration time, (c¢) total cost in
function of CO2 emission and the trade-off ...........cccoooiiiiiiiiii 60
Figure 42-Pareto-Frontier of the results obtained by the variation of total ratio and
hybridization factor, (a) fuel consumption, (b) total battery energy consumption
all in function of 0-100km/h acceleration time, (c) total cost in function of CO2
emission and the trade-off............cooiiiiiiiiiii 61
Figure 43-Pareto-Frontier of the results obtained by the variation of gears number
and hybridization factor, (a) fuel consumption, (b) total battery energy
consumption all in function of 0-100km/h acceleration time, (c) total cost in

function of CO2 emission and the trade-off ..........oooeiiiniiiieiee e, 62

xii



Figure 44-Pareto-Frontier of the results obtained by the variation of final drive
ratio and hybridization factor, (a) fuel consumption, (b) total battery energy
consumption all in function of 0-100km/h acceleration time, (c) total cost in
function of CO2 emission and the trade-off ...........cccooooiiiiii 64
Figure 45-Pareto-Frontier of the results obtained by the variation of ratio between
EM and transmission and hybridization factor, (a) fuel consumption, (b) total
battery energy consumption all in function of 0-100km/h acceleration time, (c)
total cost in function of CO2 emission and the trade-off.................ccocooiiie 66
Figure 46- Pareto-Frontier of the results obtained by the variation of battery
capacity and hybridization factor , (a) fuel consumption, (b) total battery energy
consumption all in function of 0-100km/h acceleration time, (c) total cost in
function of CO2 emission and the trade-off ...........cccooooiiiiiii 67
Figure 47-Pareto-Frontier of the results obtained by the variation of ICE power
scale and differential gear ratio, (a) fuel consumption, (b) net battery energy
consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2
emission and the trade-off............ocooiiiiiiiiiiii 69
Figure 48-Pareto-Frontier of the results obtained by the variation of ICE power
scale and gear ratio between EM and transmission, (a) fuel consumption, (b) net
battery energy consumption in CD mode, (¢) total battery energy consumption all
the 3 in function of 0-100km/h acceleration time, (d) total cost in function of CO2
emission and the trade-off ... 70
Figure 49-Pareto-Frontier of the results obtained by the variation of ICE power
scale and hybridization factor, (a) fuel consumption, (b) net battery energy
consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2

emiSS10N aANd the trade-01T .. .co.n it 72

xiii



Figure 50-Pareto-Frontier of the results obtained by the variation of total ratio and
hybridization factor, (a) fuel consumption, (b) net battery energy consumption in
CD mode, (c) total battery energy consumption all the 3 in function of 0-100km/h
acceleration time, (d) total cost in function of CO2 emission and the trade-off 73
Figure 51-Pareto-Frontier of the results obtained by the variation of gears number
and hybridization factor , (a) fuel consumption, (b) net battery energy
consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2
emission and the trade-off ... 75
Figure 52-Pareto-Frontier of the results obtained by the variation of final drive
ratio and hybridization factor, (a) fuel consumption, (b) net battery energy
consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2
emission and the trade-off ... 76
Figure 53-Pareto-Frontier of the results obtained by the variation of the ratio
between EM and transmission and hybridization factor, (a) fuel consumption, (b)
net battery energy consumption in CD mode, (¢) total battery energy consumption
all the 3 in function of 0-100km/h acceleration time, (d) total cost in function of
CO2 emission and the trade-off..........cccoooiiiiiiiiiiiii e 78
Figure 54-Pareto-Frontier of the results obtained by the variation of battery
capacity and hybridization factor, (a) fuel consumption, (b) net battery energy
consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2

emiSS10N aNd the trade-01T .. ..... it 80

Xiv



List of tables

Table 1- Baseline data of the vehicle under study .........ccccvvveieeeeiiniiiiiiiieeen. 24
Table 2-HEV sizing parameters and their mits............cccccvveeeeeeeeiiicciiieeennnn. 25
Table 3- WLTP characteriStiCS.........ueieiiiiiiiiieiiiiiieeeeeiiieee et 31
Table 4-NREL Baltimore characteristiCs..........ocuuieeiirriiieieeiniiiieee e 31
Table 5- The default values of the design parameters..........cccceeeeeeeeeeennrieeennn.. 36

Table 6- Table representing the powertrain configurations that ensure fuel
economy, best 0-100km/h acceleration test and the trade-off by the variation of
ICE power scale and battery number of cells ...........coeeeuiiviiiiiiieiiiiiiiiieeene. 37
Table 7- Table representing the powertrain configurations that ensure the best
fuel economy, best 0-100km/h acceleration test and the trade-off by the variation
of ICE power scale and total 1atio ...........ccccuvviieiieieieieicieeee e 38
Table 8- Table representing the powertrain configurations that ensure the best
fuel economy, best 0-100km/h acceleration test and the trade-off by the variation
of ICE power scale and gears nUMDbeT .............coeveiiieieiiiiiiiiiiieeee e 38
Table 9-Table representing the powertrain configurations that ensure the fuel
economy, best 0-100km/h acceleration test and the trade-off by the variation of
ICE power scale and final drive 1atio .........cccceeeeeeeeeiieciciiiiiceeee e 39
Table 10- Table representing the powertrain configurations that ensure the best
fuel economy, best 0-100km/h acceleration test and the trade-off by the variation
of ICE power scale and ratio between EM and transmission .................c.......... 40
Table 11-Table representing the powertrain configurations that ensure the fuel
economy, best 0-100km/h acceleration test and the trade-off by the variation of
ICE power scale and hybridization factor.............ccccoeeeeiiiviiiiiiiieeieeciiieeeee. 40
Table 12- Table representing the powertrain configurations that ensure the fuel
economy, best 0-100km/h acceleration test and the trade-off by the variation of

hybridization factor and total ratio ............oceeeiiiiiiiiiiiii i, 41



Table 13- Table representing the powertrain configurations that ensure the fuel
economy, best 0-100km/h acceleration test and the trade-off by the variation of
hybridization factor and gears NUMDbET ............cccvvviiiieieeeiiieeeee e, 42
Table 14- Table representing the powertrain configurations that ensure the fuel
economy, best 0-100km/h acceleration test and the trade-off by the variation of
hybridization factor and final drive ratio..........cccceeeieiiiiiiiiccie e, 43
Table 15-Table representing the powertrain configurations that ensure the fuel
economy, best 0-100km/h acceleration test and the trade-off by the variation of
hybridization factor and ratio between EM and transmission ...............cccee..... 43
Table 16- Table representing the powertrain configurations that ensure the fuel
economy, best 0-100km/h acceleration test and the trade-off by the variation of
hybridization factor and battery cell number...........cccccceeeeeiiiiiiiiiiiieiieee, 44
Table 17- Table representing the powertrain configurations that ensure the best
battery energy consumption, fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of ICE power scale and battery cell number ............ 45
Table 18-Table representing the powertrain configurations that ensure the best
battery energy consumption, fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of ICE power scale and total ratio ........................... 46
Table 19- Table representing the powertrain configurations that ensure the best
battery energy consumption,fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of ICE power scale and gears number ..................... 47
Table 20- Table representing the powertrain configurations that ensure the best
battery energy consumption, fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of ICE power scale and final drive ratio .................. 48
Table 21- Table representing the powertrain configurations that ensure the best
battery energy consumption, fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of ICE power scale and ratio between EM and

TLANSINISSION TATIO et eeeeeene et et e e e et e e e e e e e e e e e e e e e e e e eaeaae e eeneeneeaeeeneeanns 49



Table 22-Table representing the powertrain configurations that ensure the best
battery energy consumption, fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of ICE power scale and hybridization factor ........... 50
Table 23-Table representing the powertrain configurations that ensure the best
battery energy consumption, fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of hybridization factor and total ratio ...................... 51
Table 24-Table representing the powertrain configurations that ensure the best
battery energy consumption, fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of hybridization factor and gears number-................ 52
Table 25- Table representing the powertrain configurations that ensure the best
battery energy consumption, fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of hybridization factor and final drive ratio.............. 53
Table 26-Table representing the powertrain configurations that ensure the best
battery energy consumption, fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of hybridization factor and ratio between EM and
L3681 0T 10 (0 ) o BRSPS UUPUPRUPRTPPPR 54
Table 27-Table representing the powertrain configurations that ensure the best
battery energy consumption, fuel economy, best 0-100km/h acceleration test, and
trade -off by the variation of hybridization factor and battery cell number ....... 55
Table 28-Table representing the powertrain configurations that ensure the best
battery energy consumption, best 0-100km/h acceleration test, best CO2 emission

and best total cost by the variation of ICE power scale and differential gear ratio

Table 29-Table representing the powertrain configurations that ensure the fuel
consumption, best 0-100km/h acceleration test, best CO2 emission and best total
cost by the variation of ICE power scale and gear ratio between EM and

DL ATISIIIISSTON « ettt ee e e e e et e et e e e e e e e e e e e e e e e e e e e e e e ee e e e e e e eaeeeaaeeannns 58

XVii



Table 30- Table representing the powertrain configurations that ensure the fuel
consumption, best 0-100km/h acceleration test, best CO2 emission and best total
cost by the variation of ICE power scale and hybridization factor.................... 59
Table 31-Table representing the powertrain configurations that ensure the fuel
consumption, best 0-100km/h acceleration test, best CO2 emission and best total
cost by the variation of total ratio and hybridization factor ...............cccceeeeee.. 60
Table 32- Table representing the powertrain configurations that ensure the fuel
consumption, best 0-100km/h acceleration test, best CO2 emission and best total
cost by the variation of gears number and hybridization factor ........................ 62
Table 33-Table representing the powertrain configurations that ensure the fuel
consumption, best 0-100km/h acceleration test, best CO2 emission and best total
cost by the variation of final drive ratio and hybridization factor ..................... 63
Table 34-Table representing the powertrain configurations that ensure the fuel
consumption, best 0-100km/h acceleration test, best CO2 emission and best total

cost by the variation of ratio between EM and transmission and hybridization

Table 35-Table representing the powertrain configurations that ensure the fuel
consumption, best 0-100km/h acceleration test, best CO2 emission and best total
cost by the variation of battery capacity and hybridization factor..................... 66
Table 36-Table representing the powertrain configurations that ensure the best
battery energy consumption, best 0-100km/h acceleration test, best CO2 emission
and best total cost by the variation of ICE power scale and final drive ratio.....68
Table 37-Table representing the powertrain configurations that ensure the best
battery energy consumption, best 0-100km/h acceleration test, best CO2 emission
and best total cost by the variation of ICE power scale and gear ratio between EM
AN TFANSTNISSION «..veeeniiiieeiiiee et ee et ee ettt e e sttt e e sttt e et e e s sttt e esabeeessibeeesnareeeens 69
Table 38- Table representing the powertrain configurations that ensure the best

battery energy consumption, best 0-100km/h acceleration test, best CO2 emission

XViii



and best total cost by the variation of ICE power scale and hybridization factor

Table 39-Table representing the powertrain configurations that ensure the best
battery energy consumption, best 0-100km/h acceleration test, best CO2 emission
and best total cost by the variation of total ratio and hybridization factor......... 73
Table 40- Table representing the powertrain configurations that ensure the best
battery energy consumption, best 0-100km/h acceleration test, best CO2 emission
and best total cost by the variation of gears number and hybridization factor... 74
Table 41-Table representing the powertrain configurations that ensure the best
battery energy consumption, best 0-100km/h acceleration test, best CO2 emission
and best total cost by the variation of final drive ratio and hybridization factor 76
Table 42-Table representing the powertrain configurations that ensure the best
battery energy consumption, best 0-100km/h acceleration test, best CO2 emission
and best total cost by the variation of ratio between EM and transmission and
hybridiZzation facCtOT.........ccieieiiiiiiiiiieee e e e 77
Table 43-Table representing the powertrain configurations that ensure the best
battery energy consumption, best 0-100km/h acceleration test, best CO2 emission
and best total cost by the variation of battery capacity and hybridization factor

Table 44-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of final drive ratio and ICE power scale .................. 81
Table 45-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best

total cost by the variation of ratio between EM and transmission and ICE power

XiX



Table 46-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of gears number and ICE power scale...................... 82
Table 47-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of total ratio and ICE power scale...............c............ 83
Table 48-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of the battery capacity and ICE power scale ........... 83
Table 49-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of the ICE power scale and hybridization factor ...... 84
Table 50-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of the total ratio and hybridization factor................. 84
Table 51-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of gears number and hybridization factor ................ 85
Table 52-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of final drive ratio and hybridization factor ............. 85
Table 53-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of ratio between EM and transmission and
hybridization faCtOT..........ccoiiiiiiiiiiiieee e e 85
Table 54-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of battery capacity and hybridization factor-............. 86

XX



Table 55- Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of final drive and ICE power scale .......................... 86
Table 56-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best

total cost by the variation of ratio between EM and transmission and ICE power

Table 57-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of total ratio and ICE power scale............................ 87
Table 58-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of battery capacity and ICE power scale................... 87
Table 59-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of gears number and ICE power scale...................... 88
Table 60-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of ICE power scale and hybridization factor............ 88
Table 61-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of total ratio and hybridization factor ...................... 89
Table 62-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of gears number and hybridization factor ................ 89
Table 63-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best

total cost by the variation of final drive ratio and hybridization factor ............. 89

XXi



Table 64-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of ratio between EM and transmission and hybridization
22101 10 ) USSP UURUSPPPP 90
Table 65-Table representing the powertrain configurations that ensure the best
fuel consumption, best 0-100km/h acceleration test, best CO2 emission and best
total cost by the variation of battery capacity and hybridization factor............. 90
Table 66-PSO results for best CO2 emissions of Full and Plug-in HEV using
WLTP LONG .ttt et e e e e e e e e e s b e e e e e e e e e e snnnssnnnnns 92
Table 67-PSO results for best total cost of Full and Plug-in HEV using WLTP

XXii



Definitions, Acronyms, Abbreviations

HEV- Hybrid electric vehicle

EV- Electric vehicle

BEV- Battery electric vehicle

MG- Motor/Generator

EM- Electric motor

ICE- Internal combustion engine
ZEV- Zero-emissions vehicle

PHEV- Plug-in hybrid electric vehicle
CS- Charge sustaining

CD- Charge depleting

eVT- Electrically variable transmission
SGT- Stepped gear transmission
SERCA- Slope weighted energy based rapid control analysis
DP- Dynamic programming

PSO- Particle swarm optimization

AT- Automatic transmission

FD- Final drive

XXiii



SOC- State-of-charge

HIL- Hardware in the loop

EMS- Energy management strategy

PMP- Pontryagin’s minimum principle

PEARS- Power-weighted efficiency analysis for rapid sizing
EECRS- Efficiency evaluation real-time control strategy
GA- Genetic algorithm

DIRECT- Divided rectangles

CO- Convex optimization

SQP- Sequential quadratic programming

Kg- Kilogram

m- Meter

L- liter

N- Newton

h- Hour

Km- Kilometer

WLTP- Worldwide harmonized light vehicles test procedure

NREL Baltimore- National renewable energy laboratory Baltimore drive cycle

XXiv



Chapter 1

Introduction

1.1-Background:

For decades, the automotive industry has been concerned about
dwindling natural resources such oil and gas, as well as noise and
hazardous exhaust emissions. Car makers have been under constant
pressure to resolve these issues by developing new vehicles platforms with

lower fuel consumption and emissions.

1.1.1-Electric vehicles:

Electric vehicles (EVs) were introduced as a feasible alternative to gas-
guzzling, noisy internal combustion engines (ICEs). EVs eliminate the
need for direct fossil-fuel usage and emits no noise, or tailpipe emissions
by relying solely on electrical energy from the battery system for power.
Despite these benefits, EVs have yet to make a substantial influence on
global vehicle markets, which are still dominated by traditional ICE
vehicles. This is largely due to the expensive cost of electric vehicles and
their restricted range.

As a result, vehicle manufacturers have had to build platforms that can
effectively bridge the gap between ICE and zero-emissions (ZEV)

vehicles, functioning as transition technologies until the EVs can more



completely infiltrate the consumer market. As they work to resolve these

flaws. Full and plug-in HEVs are the product of this endeavor.

1.1.2-Hybrid electric vehicles:

HEV is a transitional solution that combines technologies from both the
EV and ICE platforms by integrating electric motors from the EV with an
internal combustion engine from conventional vehicles to provide an
alternative source of energy for vehicle propulsion. Therefore, the electric
system embedded in HEV powertrains makes them more efficient than
traditional vehicles since it assists the engine in functioning in its most
efficient range, such as allowing it to charge the battery using excess power
or turn the engine off during idling time leading to a lower fuel
consumption. Additionally, energy lost while braking can be recovered and
used to charge the batteries. All of these benefits contribute to increase fuel
efficiency. While HEVs cannot run solely on electricity and must
consequently burn some fuel, they can be considered a viable mid-term

alternative until zero-fuel, zero-emissions EVs are fully achieved.

1.1.3-Plug-in hybrid electric vehicles:
A plug-in hybrid electric vehicle is a HEV whose battery can be charged

externally from the electric grid. This type of architecture is characterized
by two distinct battery operation modes: charge sustaining (CS mode) and
charge depleting (CD mode). PHEVs have greater battery capacities than
full HEVs, allowing them to travel further on electric mode. As a result,
plug-in HEVs combine the advantages of HEVs and EVs, which make

them the best solution on the automotive market today.



According to the position of the power components and the type of
transmission embedded in the powertrain we can define different

categories of HEV powertrain architecture:

1.1.4-HEYV powertrain architectures:

Full and Plug-in HEVs powertrains embed four main components: an
ICE, an electric motor, a generator and a battery pack. These components
can be connected to each other in many different ways, depending on the
division of power between the sources; however, the three configurations
typically seen in HEVs/PHEVs are series, parallel and power split.

A. Series architecture:

The generator and battery are connected to the electric motor in series
architecture (Figure 1), which pushes the vehicle by itself. In this system,
the ICE works in tandem with the generator to charge the battery or power
the electric motor. At lower speeds, the series design is more efficient,

making it ideal for city driving.
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Figure I- Series HEV configuration [37]

B. Parallel architecture:
In parallel configuration (Figure 2), both the ICE and the electric motor are
connected to the transmission, which can drive the wheels at the same time.

As a result, this setup is suitable for highway driving at greater speeds.
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Figure 2-Parallel HEV configuration [37]
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C. Power split architecture:

The power-split configuration (Figure 3) combines the advantages of series
and parallel architectures, making it the most efficient but also the most
difficult to design. The transmission is a planetary gear, and the electric
motor, generator and ICE are connected to the ring, sun and carrier gears,

respectively.

Generator Inverter Battery

i G; '\ __
e = “/‘E
Vehicle E

Figure 3- Power split HEV configuration [37]

== Power Flow

1.1.5-Electric motor(s) positions in the powertrain:

One or more electric motor/generator (MGs) can be added to the
powertrain at the positions specified by the designers, these positions are
[1]:

-P0O: MG is located upstream the ICE (belt-driven)

-P1: MG is located downstream the ICE (keyed directly onto the same
shaft)

-P2: MG is located between the ICE and the transmission gearbox (being
linked through clutch connections)
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-P3: MG is located between the transmission gearbox and the final drive
-P4: MG is located separately from the ICE in the rear axle (that performs

as pure electric driven axle)

1.1.6-Transmission technologies:

HEVs may be categorized into electrically variable transmission (eVT)
and stepped gear transmission (SGT) kind.
eVT HEVs are primarily based on planetary gear sets composed of a ring
gear, a sun gear and a carrier, which permits decoupling of the ICE
rotational speed from the vehicle linear speed, hence increasing fuel
economy potential through increased operational flexibility [2,3].
SGT HEVs, on the other hand, are equipped with an ICE, a clutch, gearbox
and a final drive-in sequence, which preserves the normal structure of road

vehicle drivetrain [4].

1.1.7-Degree of hybridization:
HEVs can be micro, mild, full or plug-in hybrids depending on the

powertrain electrification. Micro and mild hybrid vehicles have the least
degree of hybridization. Known as start-stop vehicles, micro vehicles turn
off the car engine when it comes to a stop and then restart when the driver
commands. The battery has been upgraded to allow for this large number
of starts due to the intense operation. Beyond start-stop operation, mild
vehicles use regenerative braking to recharge the battery from the vehicle's
kinetic energy, allowing the electric motor to work in tandem with the
combustion engine to supply power to the vehicle.

Full and plug-in hybrid vehicles have the maximum degree of

hybridization. The battery should be able to pull the car without the help
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of the ICE in both cases. The difference between both technologies is the
ability to recharge the battery from an outlet, which means that electricity

can be supplied to the accumulator from a source outside the car [5].

1.2-Objective:

Growing environmental concerns have compelled all governments in the
world to enact new, far-reaching restriction that will result in automobiles
that are more fuel efficient and emit less pollutants in the near future.
Therefore, automakers are under constant pressure to reduce the fuel
consumption of their vehicle fleets. Electric vehicles (EVs) technologies
are good answer to these standards, but they have significant drawbacks
that limit costumer appeal, especially cost and driving range. Thus,
discovering new ways to reduce fuel consumption is constantly a priority
for automotive researchers and manufacturers. Consequently, this research
has attempted to reduce fuel consumption as much as possible in full and
plug-in HEVs, in particular the parallel P2 Fiat Ducato delivery van.
There are several options for achieving this goal. One strategy, and the one
used here, is to size the HEV’s primary components in such a way that they
consume the least amount of fuel while retaining adequate vehicle
performance. A vehicle model and an optimization algorithm are
prerequisites for optimizing the size of components.

For modelling, the well-known backward quasi-static approach is used to
model our test vehicle with Fiat Ducato characteristics, and for what
concerns the power components, they are modeled through their empirical
operational lookup tables.

We used to estimate fuel economy the SERCA algorithm by driving the

vehicle through standard drive cycles, in our case study we used WLTP



and NREL Baltimore cycles. And for the optimization of the HEV design
firstly we use a brute force method, by exhaustively exploring the design
space (fixing five parameters and varying only two) and comparing the
obtained results, to see the effect of each component parameter on the fuel
economy, battery energy consumption, CO2 emission, 0-100km/h
acceleration time and total cost to end up with the best configurations that
satisfy our requirements. Secondly, we used as a search algorithm to find
the best powertrain design ensuring the lowest CO2 emission and the least
total cost respecting some performance requirements the derivative free

algorithm which is the Particle Swarm optimization (PSO).

1.3-Outline:

The content of this thesis is divided into five chapters. Chapter 1 presents
a brief introduction to the hybrid vehicles and the general goal of this study,
this chapter is followed by Chapter 2 which provides a review of the
literature relating to the modeling, control and sizing optimization of
HEVs. Chapter 3 describes the modeling of the parallel P2 HEV, as well
as the control utilized for fuel economy prediction. In Chapter 4, the sizing
of the powertrain components is addressed by using first an exhaustive
search and then applying PSO algorithm. Finally, the overarching

conclusions that can be drawn from this research are outlined.



Chapter 2

Literature review

HEVs are currently a profitable technology that can help customers meet
their needs while also complying with stringent CO2 emission rules around
the world. Nonetheless, compared to both conventional vehicles (i.e., those
powered exclusively by an internal combustion engine (ICE)) and battery
electric vehicles (BEV), HEVs have a substantially more difficult design
environment, involving hundreds of design parameters.

As a result, each parameter must be carefully selected at the design stage
to achieve better HEV performance. Because prototyping and testing each
design combination is costly and time-consuming, optimization algorithms
and simulation techniques that simplify validation operations are essential
for attaining optimal component sizing at a low cost.

This chapter present some challenges related to modeling, control and

design optimization of HEVs.

2.1-Powertrain modeling:

Different types of physics-based dynamic modeling or empirical
modeling (using look-up tables or maps) can be used to construct a HEV
model, depending on the level of details required. Nevertheless, there is a
trade-off between model quality and runtime; greater fidelity models,
which more accurately capture a system ‘s behavior, often take longer to
compute and simulate. Having said that, a model should always be built

with enough accuracy to address the intended application and goal. The

9



evaluation of a control plan, for example, necessitates a more fidelity and
detailed model. There are three types of models: steady state, quasi-static
and transient [6]. Transient models offer more features and dynamical
information for the components considered than steady state models, while
quasi-static models are middle between the two. Fully detailed transient
modeling is typically employed in real-time and HIL simulations, and it
takes longer to compute.

Models can be split into backward and forward categories from another
standpoint. The driving cycle is the input for a backward model, which
assumes the model follows it exactly. As a result, the model assumes that
the vehicle speed and acceleration are known beforehand and estimates the
required power. Backward modeling is commonly used in steady-state
models [6].

Because of its simplicity and quick computation time, backward modeling
is an excellent method for sizing components.

Forward modeling tries to imitate real-world driving; hence it takes longer
to simulate. These models receive the driver’s acceleration and braking
commands as input and output the vehicle’s performance.

The MATLAB/Simulink environment is used by many of the tools and
simulation packages developed for car powertrain modeling. Other
modeling simulators on the market include ADVISOR, V-Elph,
MapleSim, PSAT and Autonomie. Each offers a user-friendly setting
[7,8,9].

As a result, work on HEV modeling can be classified according to which
simulation tool was used, what type of architecture was addressed, and
which components were modeled. In terms of model fidelity, however, it

can be stated that the tendency is toward constructing models that contain
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sufficient information and depth while yet requiring short simulation

periods.

2.2-HEYV control:

The fuel efficiency potential of HEV design alternatives is explored in

early vehicle development phases by wusing HEV powertrain
energy management strategies. The chosen energy management algorithm
then optimizes the powertrain operations (e.g., number of gears engaged,
torque split) to forecast the optimal fuel consumption value. A successful
HEV energy management strategy (EMS) should also show the ability to
efficiently produce acceptable hybrid powertrain drivability and comfort
behavior. HEV control can be classified into two types: off-line and online
controls, based on whether the future driving missions are known a priory
or not.
Major evolutions in on-line control can be divided into three categories;
the enhanced calibration or rule-based strategies (both heuristic and fuzzy-
logic based) based on off-line optimization processes [10,11,12,13], the
development of battery state -of-charge adaptive control strategies, usually
ECMS-based [14,15,16], and the first adoption of machine learning
techniques to optimally control HEVs [17,18,19,20,21,22,23,24].

As what concern the off-line HEV control, we have two different
approaches to solve this control, known as global optimal control and rapid
near-optimal control. Both global optimal control and rapid near-optimal
control begin by exploring all feasible sub-solutions (which are the control
actions) for each sub-problem (time instant) of the maintained driving

cycle. While the former can produce a global optimal solution via an
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exhaustive search that is typically computationally expensive, the other can
rapidly obtain a heuristic approximation of the global optimal solution.

Dynamic Programming (DP) is currently the most widely used method for
obtaining a global optimal solution for the control problem. DP is an
exhaustive search algorithm that finds the best solution using a discretized
state vector, backward induction and the Bellman equation [25]. One of the
most significant disadvantages of DP is its high computational cost. To get
around this limitation, scientists and researchers have recently been
inventing near-optimal algorithm capable of approaching the global
optimal solution obtained by DP while also reducing the required
computational cost. The Pontryagin’s Minimum Principle (PMP), which
executes a local optimization using a dual-term cost function, is one of the
most well-known near-optimal HEV control in this context [26]. Zhang et
al. in 2013 [27], Qin et al. in 2018 [28], and Anselma P., Biswas A.,
Belingardi G. and Emadi A. [4,29], respectively, introduced three
additional rapid near optimal HEV off-line control techniques: the power-
weighted efficiency analysis for rapid sizing (PEARS), the efficiency
evaluation real-time control strategy (EERCS) and the slope-weighted
energy based rapid control analysis (SERCA). The SERCA algorithm is an
improved version of the PEARS algorithm which inherited from it the
iterative electric-to-hybrid replacement process. These algorithms have
been demonstrated generating results closer to DP and remarkably reduce

the corresponding needed time to estimate the fuel consumption [4].
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2.3-Powertrain component sizing methodology:

The following is a summary of efforts to optimize HEV component
sizing. The components evaluated, the objectives pursued, the optimization

methods employed can all be described as part of this field’s work.

2.3.1-Powertrain components:

The goal is to size the essential powertrain components, the engine, the
electric motor, the battery and the transmission, such that they can meet the
vehicle’s requirements throughout a variety of driving scenarios, such as

braking, accelerating and cruising.

2.3.2-Design space exploration:

When looking at numerous aspects of the transportation industry, it
becomes evident that one powertrain may not be the best option in every
circumstance. When choosing the component sizes for the HEV
powertrain, we must strike the best trade-off between fuel economy,
drivability, and vehicle cost. The process of determining the best
powertrain configuration is known by design space exploration, which is
commonly framed as a multi-objective optimization problem [30].

The design space exploration method starts by defining an initial large
design space which contains all the possible component sizes. After that,
each of the HEV configuration is evaluated against some performance
requirements and the design space is reduced to contain only the feasible
solutions that satisfy these requirements. Then the fuel economy prediction
is evaluated for these feasible candidates to end up with the best design

solution [31].
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2.3.3-Optimization algorithms:

Three main approaches used to solve the design optimization problem
[30]:
o Exhaustive search
o Derivative-free algorithms: Genetic Algorithm (GA), Particle Swarm
Optimization (PSO), Divided rectangles (DIRECT), and Nelder-Mead
Simplex algorithm
o Gradient-based algorithm: Convex optimization (CO) and sequential
quadratic programming (SQP).
Evolutionary methods are used to explore the design space described by
the objective and constraint function and determine a point(s) that
maximize or minimize the design criteria.
Exhaustive search is a simplistic but time-consuming approach because the
design space grows exponentially with the number of components that are
optimized. When gradient-based optimization algorithms, such as the well-
known SQP algorithm, rely on erroneous gradient information to establish
search paths and convergence, they can get into troubles. These issues can

be addressed using derivative-free optimization techniques.
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Chapter 3

Powertrain modeling and HEV control

This chapter describes the HEV layout used in this study which is the single
motor parallel P2 as well as the modeling approach used to present it and

the control used to estimate the fuel economy potential.

3.1-Powertrain modeling:

3.1.1-Parallel P2 HEV:

¥ Internal
Combustion  Ejectric Motor/
Engine Generator

] el

('Iulch] AAA ('Iulchz

-
High-voltage 1
Battery —>

Power electronics

Final
drive

Automatic
Transmission

AAA

Figure 4- Parallel P2 HEV layout [4]

We can see from Figure 4 that illustrates the parallel P2 HEV layout that
the torques provided by the ICE and the MG are related by the following

equation:

Ticg + Ty = Tar (1)
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Where T;cg , Ty and Tyr are the ICE torque, the MG torque and the torque
at the input shaft of the automatic transmission, respectively.

Clutchl is responsible for connecting the ICE to the driven wheels and
allowing engine cranking actions, while Clutch2 is responsible for enabling
the gear shifting in the automatic transmission.

In this HEV architecture we can distinct 3 different operating modes, called
pure electric, torque assist and battery charging modes. These three
operating modes are enabled depending on the state of ICE, ifit is activated
and 1s propelling the vehicle or not and depending on the T;-r value.

In pure electric mode, Cluchl is disengaged and the ICE is turned off, in
this case we don’t have a torque from the engine and then the torque at the
input of the AT is equal to the MG torque meaning that the MG is only
power source propelling the vehicle. In the torque assist mode, Clutchl is
engaged, the ICE and MG torques are both positive and the torque provided
to the AT shaft is the sum of them. In battery charging mode, the torque
provided by the engine is higher than what is requested by the driver, in
this mode the MG operates as generator to absorb the excess of torque and

charge the battery [4].

3.1.2-HEV modeling approach:

The well-known backward quasi-static technique is used to model our
HEV architecture in this research. The vehicle model is supposed to follow
the predetermined simulated driving mission velocity profile v(t). The
traction force required at the wheels is calculated as follows [30]:

Ferac = Frou t Fmisc t Faero + Myen,,(Ngear)-a
With:
Frou = Myen-g-fo
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Fisc = Myen-g-sin(a) + k.v

1
Faero =E-P-S- Cx-v2 (2)

Frou1> Fmisc, and Fy .., represent resistive load terms provided by the rolling
resistance, some miscellaneous terms (e.g., transmission losses, side
forces, road slope) and the aerodynamic drag, respectively.

a is the acceleration or deceleration of the vehicle as requested at each time
instant of the driving mission [4].

Myep 18 the vehicle mass and m is vehicle equivalent mass which
veh veheq

considers both the inertia of the powertrain rotating components (wheels,
shafts, ICE and MQG) and the value of the gear ratios for the gear engaged
Ngear-

p, g and «a are the air density, the gravity’s acceleration and the road slope,
respectively.

fo, k, S and C, stand for the rolling force coefficient, a miscellaneous loss
coefficient, the frontal area of the vehicle and the drag coefficient,
respectively.

The traction force is limited by the wheel friction coefficient in the contact

patch. Then, the maximum friction force that allows traction is:

Ff = Myen * g % 1 €4 3)

Where p and ¢, are the friction coefficient and front wheel load coefficient
(our test vehicle is front drive wheel), respectively.

The wheel torque is calculated as:

Twheet = Twheei- Firac 4)

Where 1,501 TEpresents the wheel effective ratio.
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The torque at the input shaft of the automatic transmission T4 can then be
obtained by evaluating the torque balance between the automatic

transmission’s input and output [4]:

ipD.ingear

Tar = Tour (MErpNar)Si9™Tour) )

Nrp, Nar represent the efficiency values for the final drive and the AT
gearbox respectively, and they are considered constant in our study and are
powered to the output torque sign to distinct between propelling and
braking cases.

And the gear ratios of the final drive and the engaged gear number are

presented by i, and ingear respectively.

For what concern the modelling of the power component, they are
modeled using empirical lookup tables. The ICE fuel consumption and the
electrical losses for the MG are represented by the fuel map and the electric
loss tables, respectively, with torque and speed as independent variables.
The related variation in the state-of-charge (SOC) is calculated when the
total amount of electrical power exchanged between power components

and battery is determined (P, ). By using an equivalent open circuit

model for the battery, SOC can be derived as follow:

Voc(S0C)—y/Vc(SOC)2—4.Rin(SOC).Ppart
Z-Rin-Qbatt

SOC =

(6)

R;, and V. represent the internal resistance and the open-circuit voltage
of the battery, respectively, both are function of the current battery state-
of-charge value according to empirical lookup tables. And Q.+ is the

battery capacity (in ampere-second).
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The backward quasi-static approach’s key advantage is its computing
efficiency. As a result, this approach is used in the early stage of the HEV
architectural selection and powertrain design process. Indeed, including
transient events and high-fidelity powertrain models in the preliminary
HEV analysis would significantly raise the computational cost. The
MATLAB software is used in this study to implement both the indicated

vehicle and powertrain model as well as the HEV control techniques.

3.2-HEYV control:
3.2.1-HEYV off-line control:

Off-line control is often used to examine the behavior of HEV
architectures and sizing candidates in a variety of pre-determined driving
scenarios. This is how the fuel economy capabilities of each design choice
is determined. The problem of HEV off-line control can be stated as
follows [4]:

min {] = ftf)e"dL(t)dt}
With:

L = Meyer + @1 [ICEgeqre + @p. gearspise
Subject to:

Ngearmm = Mgear S Ngearyx

WICE,;m = WICE = WICEy

IA

TicEpmim = Tice = TicEyax
OMGpin = OMG S OMGyax
TrGmm = Tvc = Trcyayx
SOC = f(SOC, wyg, Twg)
SOC,,i, < SOC < SOCyax
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In case of full HEV: SOC (ty) = SOC (tonqg)- (7)

Where L is the instantaneous cost function to minimize, that includes the
instantaneous fuel consumption rate My, given by the ICE fuel table and
the two terms representing the ICE activation and gear shifting events
which are ICEgqrr and gearsy;r, respectively. a; and a, are constant
weighting factors.

In case of Full HEV, and in order to achieve the charge sustained
powertrain operation, equal battery SOC values are imposed at the start
and the end of the considered driving mission, while in Plug-in HEV
powertrains, the vehicle has two different battery operation modes, i.e.,
charge depleting (CD) where the battery SOC decreases to the minimum
SOC called CS SOC (as battery only operation) and charge sustained (CS)
mode as in the Full HEV case. When the introduced control problem is
solved, the evaluation of control actions connected with the specific HEV
configuration is determined through time. These control actions are related

to the control variables values. The control variable set Up, of our parallel

P2 HEV layout is:

Up=("027) (8)

TicE

We used for solving the illustrated control problem a rapid near-optimal
control called SERCA algorithm which will be illustrated in the next

paragraph.
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3.2.2-SERCA algorithm:

This paragraph briefly describes the SERCA algorithm [4], which was
created to improve the fuel efficiency prediction of parallel P2 HEV
layouts.

The SERCA algorithm is divided into 3 main steps which are:

-The exploration of sub-problems (time instants)

-The identification of the optimal operating points

-The achievement of the charge sustained mode
SERCA works by iteratively replacing the pure electric operation with the
hybrid operation in the most convenient time instants of the drive cycle
defined beforehand, where the optimal operating points are determined by
maximizing the slope between the recharged battery energy and the
corresponding instantaneous fuel consumption, until the charge sustained
battery operation is achieved. The SERCA algorithm receives as input the
vehicle parameters, HEV powertrain components and driving mission, and
outputs the estimated fuel consumption and the time histories of control
variables and vehicle states. The workflow of the SERCA is shown in the

figure bellow:
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Input data:
*  Vehicle body
= Hybrid powertrain layout
»  Hybrid powertrain components
*  Driving cycle profile

|

1. Sub-problem exploration

l

2. Optimal operating points identification

|

3. Charge balanced analysis

Output data:
=  Estimated fuel consumption
»  Time histories of control
variables and vehicle states

Figure 5- Workflow of SERCA algorithm
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Chapter 4

Simulation and Results

HEVs are an important step forward in the global transition to electric
transportation. Nonetheless, in comparison to both traditional ICE and
battery electric vehicles, they have a fairly complex design environment.
where the component sizing is typically a difficult and time-consuming
undertaking. To effectively handle the rising complexity of HEV
development processes, innovative and advanced design tools are
necessary.

In this research, sizing parameters for a parallel electrified powertrain
are considered including the internal combustion engine size, the electric
motor/generator size, the transmission ratios, number of gears in the
gearbox, the final drive ratio and the battery capacity. And the SERCA
algorithm is used here to rapidly assess each size option’s fuel economy
capability in a variety of driving cycles, considering the WLTP and the
NREL Baltimore drive cycles in our study. While searching for the optimal
sizing possibilities, the implemented sizing methodology integrates
drivability criteria along with the fuel economy potential, which is the 0-

100km/h acceleration time test.

4.1-Baseline data and sizing parameter:

We start our work from baseline data (Table 1) of a Fiat Ducato delivery
van which are the data of the vehicle that will not be changed, a baseline
engine that we can scale it linearly up and down in order to have different

powers, a baseline electric motor which could also be linearly scaled, and
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the characteristics of cells in a battery pack where the battery capacity is

varied according to the number of cells.

Table 1- Baseline data of the vehicle under study

component parameter Value
vehicle Mass (baseline) 2100 Kg
Wheel dynamic ratio 0.3306 m

Curb cost 20000 USD

ICE Capacity 23L

Maximum power 90 kW
Maximum torque 320 Nm

Transmission Efficiency 0.9
MG Maximum power 72 kW

And the considered design parameters that form the design space are
presented in Table 2 with their limits, which will be varied in order to end
up with the best HEV design that ensure the best trade-off between fuel
economy capability, CO2 emission, total cost, and 0-100km/h acceleration

time.
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Table 2-HEYV sizing parameters and their limits

parameter Min value Maximum value
Total ratio (ratio_tot) 3 6.5
Gear number 2 6
(number gears)

Final drive ratio 2.6 4.6
(diff prim ratio)

Ratio between EM and 0.5 4
differential

(gear _ratio EM to_trans)

Hybridization factor 0.35 1
(hybridiz_factor)

Number of cells in the 500 10000
battery pack

(but num_serie)

ICE power in kW 50 300
(ice_power scale)

4.2- 0-100km/h acceleration time test:

To accelerate the exploration of the design space, our candidates must
guarantee a 0-100km/h acceleration time less than 9.7 sec, which it is also
a mandatory drivability requirement.

To simulate the 0-100km/h acceleration time test, we have to do the
opposite of the backward modelling approach because we need to calculate
the velocity of the vehicle, and to do that we start by calculating the
maximum output torque using the maximum torques that the ICE and the
EM could provide.

Tice + Ty = Tar

Where Tyr, T;cpand Ty, are the torque at automatic transmission input
shaft, ICE torque and electric motor torque respectively.

Then the output torque is calculated by [30]:

Tout = Tin *n *Y. )
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Where 7 is the gear ratio and y is the efficiency.

And we have:

Tout = (Froll + Fmisc + Faero + mveheq * a) * Twheels (10)

Where F,p;1, Frisc, Fpero are the resistive forces, mveheqis the vehicle

equivalent mass, a the vehicle acceleration, and 7y,5¢01s 18 the wheels
radius.

The acceleration of the vehicle is then:

a= Tout_TRL (1 1)
Myeheg *Twheels
eq

Where Tgr;=(Froy + Fmisc + Faero) * Twheers Which is the road load
torque.

After that the velocity is calculated by integrating the acceleration, so by
iterating the procedure at each time starting by initial speed v¢y=0 km/h and
taking the time step t=0.1 sec until we reach the 100 km/h speed:

v=axt+ v, (12)

And the 0-100km/h acceleration time is obtained.

To see the impact of each parameter on the 0-100km/h acceleration time,
we vary one parameter while fixing the other ones.
By varying the ICE power scale and fixing the other 7 parameters (Figure
6) we remarque that by increasing it the 0-100km/h acceleration time
decreases. And also, we have the same results by varying the total ratio
(Figure 7), the gears number (Figure 8), final drive ratio (Figure 9), the
ratio between EM and transmission (Figure 10) and the hybridization factor

(Figure 11) but only in the case of the ICE power scale, ratio between EM
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and transmission, and hybridization factor variation we can obtain a 0-
100km/h acceleration time less than 9.7 sec because these parameters are

related to the power component that are responsible of propelling the

vehicle.
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Figure 12- Variation of the battery cell number in function of the 0-100km/h acceleration time

In the case when we vary the number of cell in the battery
pack (Figure 12), we remark that the 0-100km/h acceleration time
increases by the increase of this parameter, because increasing the
number of cells will increase the weight of the battery and thus
the overall vehicle mass, making the vehicle need more time to
accelerate.

As a result, for ensuring a 0-100km/h acceleration time less than
9.7 sec we should increase all the parameters except one which is

the battery capacity.
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4.3- Fuel consumption estimation:

Aside from drivability, the second key factor to consider while the
evaluating size option is the fuel economy. Two driving missions for the
parallel P2 HEV are addressed in this research, then using the SERCA
algorithm, the fuel economy capabilities of each sizing option in each
contemplated driving cycles is tested in charge sustaining mode.

Also, the amount of the CO2 emissions and the battery energy consumption

are calculated through the SERCA algorithm.

4.4-Drive Cycles:

In our case study we used 2 drive cycles which are the WLTP and NREL
Baltimore drive cycles.
The WLTP cycle specifications are given in Table 3. It is obvious from
Figure 13 that during this cycle, which has maximum speed 131.3 km/h
and total distance of 23.25 km, the vehicle could be propelled by only the
electric system of the vehicle, with small activation of the engine (as we
obtained in our first simulation). For that reason, we used a cycle which is
the multiplication of this cycle three times in order to achieve nonzero fuel

consumption.
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Table 3- WLTP characteristics

Description Value
cycle time 1800 sec (30 min)
Road distance 23.25 km

Maximum speed | 131.3 km/h

Average speed 46.5 km/h
Stop time 12,5%

40

35

30 ¢

velocity [m/s]
8

L | . \ . \
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time [s]

Figure 13- WLTP drive cycle
The NREL Baltimore drive cycle is shown in Figure 14, and its
specifications are illustrated in Table 4 We had also to use a 3*NREL

Baltimore for simulation for the same reason as in the WLTP case.

Table 4-NREL Baltimore characteristics

Description Value
cycle time 3854 sec
Road distance 32.18 km
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Figure 14-NREL Baltimore drive cycle

4.5- Calculation of the total mass and total cost
of the vehicle:

4.5.1-Total vehicle mass:

Each component of the powertrain is correlated with a weight that
changes depending on the size of that component. The overall mass of the

vehicle is calculated as follow [32]:

Myehyorar — Mvehpgse T Myehy,ayioad + Mpgee + Myg

+mICE + Mirans (13)

Where, Myep, ., 1s the mass of the vehicle baseline and Myehyayioqald the

mass of the payload (as we are considering a delivery van).
Mpate> Myc> Mice-and Meqns are the mass of the battery, electric motor,
internal combustion engine, and the transmission, respectively, and they

are calculated by the following equation:

Q%*1.5
140 (14)

Mpate =
Where Q is the capacity of the battery [33].

My = 10.8 + 0.532 = PMGMAX (15)
32



Where, Pyg,, , .18 the maximum power of the electric motor.

Micg = 1.757 = PICEMAX + 26.7 (16)

PicE,, 4, 18 the maximum power of the internal combustion engine.

Merans 18 calculated depending on the number of gears in the gearbox.

Figure 15 shows the MATLAB script of the vehicle mass calculation.

%% Calculate HEV mass

veh_mass_baseline = 2100; % kg empty vehicle + driver
veh_mass_payload =0; % kg payload mass

% Reference : Finesso R, Misul D, Spessa E, Venditti M. Optimal Design of Power-Split HEVs Based on Total Cost of Ownership and
mass_battery = 00/140x1.5; % kg battery mass
mass_MG_P2 = 10.8 + 0.532 * (max(MG_tor_max.*MG_vel_index_tor_max))/1000; % kg mass MG P®
delta_mass_ICE = 1.757 * (max(ice_trq_wot.*ice_rev_index_wot)/1000 - 90); % delta kg mass ICE
delta_mass_transmission = max(ice_trq_wot.xice_rev_index_wot)/1000x. ..
interpl([2 6],[0.28 @.76], length(gear_ratios)) - 0.76%90; % delta kg mass transmission

veh_mass = veh_mass_baseline + veh_mass_payload + mass_battery + mass_MG_P2 + delta_mass_ICE + delta_mass_transmission; % kg

Figure 15- MATLAB code for the vehicle mass calculation

4.5.2-Total cost:

The total cost of the vehicle is sum of the powertrain cost, which is the
cost of all the component of the vehicle, and the operating cost (fuel
consumption, electricity usage).

The total operation cost is calculated considering the total mileage over 10

years of operation, based on 30000 km yearly mileage for the delivery van.

Cvehtotal = Cpowertrain + Coperation (17)
And:
Cpowertrain: Cbase + Cadd + Cbatt + CMG
+CICE + Ctrans (18)
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Where Cp 450 and C, 44 are the base cost and the additional component cost,
respectively.

And Cypgee, Cyg> Cicg and Crrgns are the costs of the battery, electric
motor/generator, internal combustion engine, and the transmission,

respectively. These costs are calculated based on [32][33] by the following

equations:
Cpatt = Q *0.268 (19)
Cug = 417.5+19.71 = Pyg,, ., (20)
Cicg = 12.83 * Pi¢g,,,, + 566. (21)

And the Ct,-4ys 1s calculated as in the case of the m;,4,s depending on the
number of gears chosen in the gearbox.

The operation cost is:

Coperation: Cmaint + Cfuel + Celec (22)

Where Crraints Cruer and Cepec are the maintenance, the fuel consumption

and electricity consumption costs, respectively, and calculated depending

on [32].:

Ny—-1 1
Crmaint = Cmain, * Zyio (+1,)7 (23)

The maintenance cost is calculated from Cp,4ip, Which is the average
annual cost, and the discount rate 7,. Ny, is the vehicle lifetime and it is

considered 10 years in our study.

The total fuel consumption Cr,¢; is calculated by:
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1 Ny—1FCy*FP
Cfuel B Pfuel Zy:() (1+m)Y (24)

Where, FC,, is the total fuel consumption per year. FP is the fuel price (is
1.863 USD/L from [34]) and pfy,; is the fuel density (0.83 kg/L).

Corec 18 calculated depending on the energy consumed in the charge

depleting operation in the plug-in HEV case only [35].

Figure 16 shows the MATLAB code for calculating the total vehicle cost.

%% Calculate HEV cost
% powertrain costs
cost_ICE = 12.83 * max(ice_trq_wot.xice_rev_index_wot)/1000 +566;
cost_MG_P2 = 417.5 + 19.71 % (max(MG_tor_max.*MG_vel_index_tor_max))/1000;
cost_battery=00%0.268; %K. Hamza, K. Laberteaux, K.C. Chu, “On Modeling the Total Cost of Ownership of Electric and Plug-in Hyt
cost_transmission = 1.17+max(ice_trg_wot.xice_rev_index_wot)/1000x. ..
interpl([2 6],[4.35 9.32], length(gear_ratios));
cost_base = 20000;
cost_add_comp=325;
total_veh_powertrain_cost = cost_ICE + cost_MG_P2 + cost_battery + cost_transmission + cost_base + cost_add_comp;
% operating costs
% maintenance cost
Cm=0;
for y=0:1:9
C=1/power(1.01,y);
Cm=C+Cm;
end
C_maint=267%Cm;
% the total fuel consumption cost

VKT=30000; % vehicle kilometers of travel

m_dis=23.25%3; % drive cycle distance WLTP

nm=VKT/m_dis; % number of trips per year over a specific driving mission
C_fuel=0;

for y=0:1:9

C_f=(1/0.83)%(fuel_cons_CD_1_100_km/108*m_dis*1.863*nm)/power(1.01,y);
C_fuel = C_f + C_fuel;
end
C_elect=batt_energy_cons_CD_kWh_km/100+0.26%nm*10;
total_veh_operating_cost = C_maint + C_fuel + C_elect;

total_cost = total_veh_powertrain_cost + total_veh_operating_cost;

Figure 16- MATLAB code of Total cost calculation in WLTP drive cycle

4.6-Optimal sizing of powertrain components:

4.6.1-Two variables optimization:

We started the optimization by exploring the design space using a brute

force method. This method consists at varying 2 design parameters among

the 7 parameters while fixing the other 5.

First, each powertrain sizing option should satisfy a 0-100km/h

acceleration time test less than 9.7 sec to be a feasible solution and
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considered in the next evaluation which is the fuel consumption estimation
using SERCA algorithm.

We used two cycles for our study, the WLTP and NREL Baltimore as was
illustrated before.

NREL Baltimore and WLTP short are used in first step, but since they are
short cycles, the vehicle could be propelled using the electrical system
solely with small possibility of activating the engine. Then we used a
multiplication three times of these cycles to have longer drive cycles.

In our thesis we consider full and plug-in HEVs. The full HEV is simulated
by considering only the charge sustaining operation, while in the plug-in
HEV we consider both the charge sustaining and charge depleting
operations.

The table below illustrates the default values of the design parameters:

Table 5- The default values of the design parameters

ratio_tot Number of | Diff gear Hybridiz_ | Batt_ Ice
gears Prim ratio_ factor num_ power _
ratio EM to serie kW
trans scale
3.727/0.585 6 4.222 1 0.35 1000 100

A-NREL Baltimore short drive cycle:

This paragraph represents the results obtained by using NREL Baltimore
short (32.18 km).

e KFull HEV:

The charge sustaining mode State of charge
(SOC_CS) is equal to 0.5and the payload is 800kg.
I. ICE power scale variation:

a. Battery cell numbers variation:
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Table 6- Table representing the powertrain configurations that ensure fuel economy, best 0-100km/h acceleration
test and the trade-off by the variation of ICE power scale and battery number of cells

Best fuel economy Best 0-100km/h acceleration time
Batt_ Ice Best Fuel | 0-100 Batt_ Tce 0-100 km/h Fuel
num_ power_ consumpt | km/h num_ power_ .‘}cc. Con
serie kW_ ion(in 'flccellerat serie kW_ time (in 1/100km)
scale V100km) iontime scale (in sec)
(in sec)
4500 300 5.09 9.7 500 300 9 5.64
1000 300 9 5.42
Trade-off
Batt_ Ice 0-100 Fuel
num power_ km/h Con,
serie kW_ Acc. (in I/100km)
scale time
(in sec)
2500 300 9.3 5.16
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Figure 17- Pareto-Frontier of the results obtained by the variation of ICE power scale and the number
of cells in the battery
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Table 7- Table representing the powertrain configurations that ensure the best fuel economy,

b. Total ratio variation:

acceleration test and the trade-off by the variation of ICE power scale and total ratio

Best fuel economy Best 0-100km/h acceleration time
ratio_tot | [ce_ Best Fuel 0-100 ratio_tot | Ice_ Best Fuel 0-100
power_ | consumpt | km/h power_ consumption | km/h
kW_ jon(in accelerat kW_ (in 1/100km) acceler
scale 1/100km) iontime scale ation
(in sec) time
(in sec)
4.5 280 5.27 9.7 6.5 300 5.41 9
Trade-off
ratio_tot | Ice_ 0-100 Fuel
power_ km/h Con.
kW_ Acc. (in 1/100km)
scale time
(in sec)
5.5 290 9.3 5.32
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Figure 18- Pareto-Frontier of the results obtained by the variation of ICE power scale and total ratio

0-100km/h acceleration time (in sec)

c. Number of gears variation:

best 0-100km/h

Table 8- Table representing the powertrain configurations that ensure the best fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of ICE power scale and gears number

38

Best fuel economy Best 0-100km/h acceleration time
Numbers | Ice_ Best Fuel | 0-100 Numbers | Ice_ Best Fuel 0-100
gears power_ | consumpt | km/h gears power_ consumption | km/h
kW_ ion(in accelerat kW_ (in 1/100km) acceler
scale 1/100km) iontime scale ation
(in sec) time
(in sec)
6 280 5.31 9.5 6 290 539 9
Trade-off
Numbers | Ice 0-100 Fuel
gears power_ km/h Con.
kw_ Acc. (in 1/100km)
scale time
(in sec)
6 290 9.3 5.39
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Figure 19- Pareto-Frontier of the results obtained by the variation of ICE power scale and gears number

d. Differential ratio variation:

Table 9-Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h acceleration

test and the trade-off by the variation of ICE power scale and final drive ratio

Best fuel economy Best 0-100km/h acceleration time
Diff Ice_ Best Fuel | 0-100 Diff Ice_ Best Fuel 0-100
Prim power_ consumpt | km/h Prim power_ consumption | km/h
ratio kW_ ion(in accelerat ratio kw_ (in /100km) | acceler
scale 1/100km) iontime scale ation
(in sec) time
(in sec)
4.6 230 5.12 9.4 4.6 300 5.25 7.6
Trade-off
Diff Ice 0-100 Fuel
Prim power_ km/h Con.
ratio kW_ Acc. (in 1/100km)
scale time
(in sec)
4.6 250 8.8 5.14
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Figure 20- Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h

0-100kmvh acceleration time (in sec)

acceleration test and the trade-off by the variation of ICE power scale and final drive ratio
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e. Ratio EM to trans variation:

Table 10- Table representing the powertrain configurations that ensure the best fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of ICE power scale and ratio between EM and transmission

Best fuel economy Best 0-100kmv/h acceleration time
gear_ Ice_ Best Fuel | 0-100 gear Iee_ Best Fuel 0-100
ratio_ power_ consumpt | km/h ratio_ power_ consumption | km/h
EM_to_ | KkW_ ion(in accelerat EM_to_ | kW_ (in/100km) | acceler
trans scale 1/100km) iontime trans scale ation
(in sec) time
(in sec)
1 280 525 9.5 4 300 8.94 4.6
Trade-off
gear_ Ice 0-100 Fuel
ratio power_ km/h Con.
EM to kW_ Acc. (in /100km)
mm; ~ | scale time
(in sec)

3 300 7 9.01
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Figure 21- Pareto-Frontier of the results obtained by the variation of ICE power scale and ratio between EM and
transmission

f. Hybridization factor variation:

Table 11-Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of ICE power scale and hybridization factor

40

Best fuel economy Best 0-100km/h acceleration time
Hybridiz | Ice_ Best Fuel | 0-100 Hybridiz | Tee_ Best Fuel 0-100
_factor | Power_ | consumpt | km/h _factor | power_ consumption | km/h
kW_ jon(in accelerat kW_ (in 1/100km) acceler
scale 1/100km) iontime scale ation
(in sec) time
(in sec)
0.65 140 5.09 9.6 0.95 220 13.54 1.5
0.95 230 14.3 15
Trade-off
Hybridiz | Ice 0-100 Fuel
factor | power_ km/h Con.
- kW_ Acc. (in 1/100km)
scale time
(in sec)
0.75 220 5.62 4.9
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Figure 22-Pareto-Frontier of the results obtained by the variation of ICE power scale and hybridization factor

We remark that we obtain a lot of feasible solution when we vary the ICE
power scale with the ratio between EM and transmission and the hybridization

factor.
[I- Hybridization factor variation:

a. Total ratio variation:

Table 12- Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of hybridization factor and total ratio

Best fuel economy Best 0-100km/h acceleration time
Hybridiz | ratio_tot | Best Fuel | 0-100 Hybridiz | ratio_tot 0-100 Best Fuel
_factor consumpt | km/h _factor km/h consumptio
ion(in accelerat accelerat n(in
/100km) | iontime iontime 1/100km)
(in sec) (in sec)
0.75 4 4,99 9.7 0.95 5.5 2.4 6.98
0.95 6 24 6.97
0.95 6.5 2.4 6.89
Trade-off
Hybridiz | ratio_tot | 0-100 Fuel
_factor km/h Con.
Acc. (in 1/100km)
time
(in sec)
0.85 5.5 5.9 5.33
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Figure 23- Pareto-Frontier of the results obtained by the variation of hybridization factor and total ratio

b. Gear number variation:

Table 13- Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of hybridization factor and gears number

Best fuel economy Best 0-100kmv/h acceleration time
Hybridiz | Numbers | Best Fuel | 0-100 Hybridiz | Numbers 0-100 Best Fuel
_factor | gears consumpt | km/h _factor | gears km/h consumptio
jon(in accelerat accelerat n(in
1/100km) _iontime _iontime 1/100km)
(in sec) (in sec)
0.85 6 5.19 9.5 0.95 5 2.5 6.93
Trade-off
Hybridiz | Numbers | 0-100 Fuel
_factor | gears km/h Con.
Ace. (in 1/100km)
time
(in sec)
0.85 6 5.9 5.40
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Figure 24-Pareto-Frontier of the results obtained by the variation of hybridization factor and gears number

c. Differential ratio variation:
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Table 14- Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of hybridization factor and final drive ratio

Best fuel economy Best 0-100km/h acceleration time
Hybridiz | Diff Best Fuel | 0-100 Hybridiz | Diff Prim 0-100 Best Fuel
_factor | Prim consumpt | km/h _factor | ratio km/h consumptio
ratio ion(in accelerat accelerat n(in
/100km) iontime iontime /100km)
(in sec) (in sec)
0.75 4.2 5.11 9.6 095 4.6 2.1 6.94
Trade-off
Hybridiz | Diff 0-100 Fuel
_factor | Prim km/h Con.
ratio Acc. (in /100km)
time
(in sec)
0.85 4.4 5.5 543
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Figure 25- Pareto-Frontier of the results obtained by the variation of hybridization factor and final drive ratio

d. Ratio EM to trans variation:

Table 15-Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of hybridization factor and ratio between EM and transmission
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Best fuel economy Best 0-100km/h acceleration time
Hybridiz | gear Best Fuel | 0-100 Hybridiz | gear 0-100 Best Fuel
_factor | ratio_ consumpt | km/h _factor | ratio_ km/h consumptio
EM to_ | ion(in accelerat EM to_ accelerat n(in
trans /100km) | lontime trans lontime 1/100km)
(in sec) (in sec)
0.75 1 5.16 9.5 0.95 0.5 43 5.58
Trade-off
Hybridiz | gear_ 0-100 Fuel
_factor | ratio_ km/h Con.
EM to Acc. (in 1/100km)
~ | time
trans (in sec)
0.85 1 59 5.39
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Figure 26- Pareto-Frontier of the results obtained by the variation of hybridization factor and ratio between EM
and transmission

e. Battery cell number variation:

Table 16- Table representing the powertrain configurations that ensure the fuel economy, best 0-100km/h
acceleration test and the trade-off by the variation of hybridization factor and battery cell number

Best fuel economy Best 0-100kmvh acceleration time
Hybridiz | Batt_ Best Fuel | 0-100 Hybridiz | Batt_ 0-100 Best Fuel
_factor | num_ consumpt | km/h _factor | num_serie | km/h consumptio
serie jon(in accelerat accelerat n(in
/100km) iontime iontime 1/100km)
(in sec) (in sec)
0.75 2000 4.98 9.7 0.95 500 24 7.33
0.95 2000 2.4 6.61
Trade-off
Hybridiz | Batt_ 0-100 Fuel
_factor | num_ km/h Con.
serie Acc. (in 1/100km)
time
(in sec)
0.85 1000 59 53
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Figure 27- Pareto-Frontier of the results obtained by the variation of hybridization factor and battery cell number
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e Plug-in HEV:

The delivery van leaves the warehouse fully charged
(initial battery State of charge(SOC)=0.95 and with
payload 800kg)

I- ICE power scale variation:

a. Battery cell numbers variation:

Table 17- Table representing the powertrain configurations that ensure the best battery energy consumption, fuel

economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and battery cell
number

Best battery energy consumption Best 0-100km/h acceleration time
Batt_ | Ice_ Net battery 0-100 Batt_ Ice 0-100 Net battery
num_ | power_ | energy km/h num_ power_ km/h energy
serie | kW_ consumptio 3_0‘5‘31‘3“ serie kW_ scale “_‘3“1_5“‘ consumption
scale n(in tion tiontime (in
kwh/100km | fime (in sec) kwh/100km)
) (in sec)
2000 | 280 18.17 9.69 500 300 8.99 37.83
1000 300 8.99 64.22
Trade-off
Batt_ | Ice_ 0-100 km'/h | Net battery
num_ | power_ | Acc. energy
serie | kW_ time consumption
scale (in sec) (in
kwh/100km)
1500 | 300 9.09 18.59
Trade-off between fuel consumption and 0-100km/h acceleration time
Batt_num_ | Ice_power_kW_ | 0-100 km/h Fuel consumption(in
serie scale Acc. V100km)
time
(in sec)
1500 300 9.09 0
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Figure 28-Pareto-Frontier of the results obtained by the variation of ICE power scale and battery cell number ,

(a) fuel consumption, (b) net battery energy consumption in CD mode in_function of 0-100km/h acceleration time,
and the trade-off
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b. Total ratio variation:

Table 18-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and total ratio

Best fuel economy Best 0-100km/h acceleration time
ratio t| Ice Fuel 0-100 ratio_tot | Ice 0-100 Fuel
ot power consumptio km/h power km/h consumption
kW_ n(in accelera kW __ scale accelera (in I/100km)
scale 1/100km) tion tiontime
time (in sec)
(in sec)
4.5 280 2.4 9.69 6.5 300 9 2.49
5 280 2.4 9.59
Trade-off
ratio_t | Ice_ 0-100 km/h Fuel
ot power_ Acc. consumption
kW_ time (in /100km)
scale (in sec)
5.5 290 9.3 2.45
Best battery energy consumption Best 0-100km/h acceleration time
ratio_t | Ice_ Net battery 0-100 ratio_tot | Ice_ 0-100 Net battery
ot power_ energy km/h power_ km/h energy
kW_ consumptio acceler kW _ scale acceler consumption
scale n (in ation ation (in
kwh/100km time time kwh/100km)
) (in sec) (in sec)
5.5 280 15.84 9.6 6.5 300 9 17.76
Trade-off
ratio_t | Ice_ 0-100 km/h | Net battery
ot power_ Acc. energy
kW_ time consumption
scale (in sec) (in
kwh/100km)
5 290 9.3 16.49
s B 2 AEORAH
* data 1 = ® data .
. 8] Joont bl sconomy 3 st bty sy consmpton
o tradeft - ®  tade-off
g 175
= S : .
H o . E
8 £ . a
2 . § 17
= . . . 3 - .
g g -
5 g s . :
H . . 3
8 gm.s .
g2 . .
- g
2
. 2 o
2
24 . . " . " " - .
89 9 9.1 9.2 83 8.4 95 96 87 155 ~ ; v L ! =
0-100km/h acceleration time (in sec) L 2 i 2 o B (5 sl G
0-100km/h acceleration time (in sec)
(2 (b)

Figure 29- Pareto-Frontier of the results obtained by the variation of ICE power scale and total ratio, (a) fuel

consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and the
trade-off
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c. Number of gears variation:

Table 19- Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and gears number

Best fuel economy Best 0-100km/h acceleration time
Numbers | Ice_ Fuel 0-100 Numbers | Ice_ Fuel 0-100
gears power_ | consumptio | km/h gears power_ consumption | km/h
kW_ n(in accelera kW_scale | (in[/100km) | accelerat
scale /100km) | ‘iom lontime
time (in sec)
(in sec)
6 280 245 9.5 6 300 252 9
Trade-off
Numbers | Ice_ 0-100 km/h | Fuel
gears power_ | Acc. consumption
kW_ time (in /100km)
scale (in sec)
6 290 9.3 2.48
B
Best battery energy consumption Best 0-100km/h acceleration time
Numbers | Ice_ Net battery | 0-100 Numbers | Ice_ Net battery 0-100
gears power_ | energy km/h gears power_ energy km/h
kW_ consumptio | acceler kW _scale | consumption | accelera
scale n (in ation (in tion
kwh/100km | time kwh/100km) | time
) (in sec) (in sec)
6 280 16.66 9.5 6 300 17.7 9
Trade-off
Numbers | Ice Net battery | 0-100 |
gears power_ | energy km/h
kW_ consumptio | acceler
scale n (in ation
kwh/100km | time
) (in sec)
6 290 17.40 9.3
(=]
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Figure 30-Pareto-Frontier of the results obtained by the variation of ICE power scale and gears number, (a) fuel

consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and the
trade-off
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d. Final drive ratio variation:

Table 20- Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and final drive ratio

Best fuel economy Best 0-100km/h acceleration time
Diff Prim | Ice_ Fuel 0-100 Diff Ice_ Fuel 0-100
ratio power_ | consumptio | km/h Prim power_ consumption | km/h
kW_ n(in accelera ratio kW_scale | (in1/100km) | accelerat
scale 1/100km) tion iontime
time (in sec)
(in sec)
4.6 260 229 8.5 4.6 300 2.42 7.6
Trade-off
Diff Prim | Ice_ 0-100 km/h | Fuel
ratio power_ Acc. consumption
kW_ tme (in I/100km)
scale (in sec)
4.6 270 8.3 3.37
[Best battery energy consumption Best 0-100km/h acceleration time
Diff Prim | Ice Net battery | 0-100 Diff Ice Net battery 0-100
ratio power_ | energy km/h Prim power_ energy km/h
kW_ consumptio | acceler ratio kW_ scale | consumption | accelera
scale n (in ation (in tion
kwh/100km | time kwh/100km) | time
) (in sec) (in sec)
4.6 230 14.19 9.4 4.6 300 16.27 7.6
4.6 240 14.19 9.1
Trade-off
Diff Prim | Ice_ Net battery | 0-100 |
ratio power_ | energy km/h
kW_ consumptio | acceler
scale n (in ation
kwh/100km | time
) (in sec)
4.6 260 15.41 8.5
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Figure 31-Pareto-Frontier of the results obtained by the variation of ICE power scale and final drive ratio, (a) fuel

consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and the

trade-off
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e. Ratio EM to trans variation:

Table 21- Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and ratio between
EM and transmission ratio

Trade-off between fuel consumption and 0-100km/h acceleration time
gear_ratio_ | Ice_power_kW_ | 0-100 km/h Fuel consumption(in
EM to_trans | scale Acc. 1/100km)
time
(in sec)
4 300 4.6 0
Best battery energy consumption Best 0-100km/h acceleration time
gear_ Ice Net battery | 0-100 gear_ Ice Net battery 0-100
ratio_ power_ | energy km/h ratio_ power_ energy km/h
EM to_ kW_ consumptio | acceler EM _to_ | kW_scale | consumption | accelera
trans scale n (in ation trans (in tion
kwh/100km | time kwh/100km) | time
) (in sec) (in sec)
4 130 7.94 9.4 4 300 9.39 4.6
Trade-off
gear_ Ice_ Net battery | 0-100
ratio_ power | energy km/h
EM_to_ kW_ consumptio | acceler
trans scale n (in ation
kwh/100km | time
) (in sec)
4 180 8.34 7
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Figure 32-Pareto-Frontier of the results obtained by the variation of ICE power scale and ratio between EM and
transmission, (a) fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h
acceleration time, and the trade-off
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f. Hybridization factor variation:

Table 22-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of ICE power scale and hybridization
factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | Ice_ Fuel 0-100 Hybridiz | Ice_ Fuel 0-100
factor power_ | consumptio | km/h _factor | power_ consumption | km/h
kW_ n(in accelera kW_scale | (in[/100km) | accelerat
scale 1/100km) tion iontime
time (in sec)
(in sec)
0.75 100 227 9.5 0.95 220 9.52 1.5
0.75 110 227 8.7 0.95 230 10.54 1.5
0.65 140 227 9.6
Trade-off
Diff Prim | Ice_ 0-100 km/h | Fuel
ratio power_ | Acc. consumption
kW_ time (in 1/100km)
scale (in sec)
0.75 220 4.9 2.79
Best battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | Ice_ Net battery | 0-100 Hybridiz | Ice_ Net battery 0-100
factor power_ | energy km/h _factor | power_ energy km/h
kW_ consumptio | acceler kW_ scale | consumption | accelera
scale n (in ation (in tion
kwh/100km | time kwh/100km) | time
) (in sec) (in sec)
0.35 280 16.6 9.5 0.95 220 83.92 1.5
0.95 230 159.27 1.5
Trade-off
Hybridiz_ | Ice_ Net battery | 0-100
factor power_ | energy km/h
kW consumptio | acceler
scale n (in ation
kwh/100km | time
) (in sec)
0.75 220 18.84 4.9
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Figure 33-Pareto-Frontier of the results obtained by the variation of ICE power scale and hybridization factor , (a)
fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and
the trade-off
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[I- Hybridization factor variation:

a. Total ratio variation:

Table 23-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of hybridization factor and total ratio

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | ratio_tot | Fuel 0-100 Hybridiz | ratio_tot Fuel 0-100
factor consumptio km/h _ factor consumption km/h
n(in accelera (in 1/100km) accelerat
1/100km) tion iontime
time (in sec)
(in sec)
0.75 4.5 222 9.6 0.95 5.5 2.4 3.93
0.95 6 2.4 4.24
0.95 6.5 2.4 4.03
Trade-off
Diff Prim ratio_tot | 0-100 km/h Fuel
ratio Acc. consumption
time (in 1/100km)
(in sec)
0.85 5 6 2.46
Best battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | ratio_tot | Net battery 0-100 Hybridiz | ratio_tot Net battery 0-100
factor energy km/h _ factor energy km/h
consumptio acceler consumption accelera
n (in ation (in tion
kwh/100km time kwh/100km) time
) (in sec) (in sec)
0.75 6.5 16.92 9.5 0.95 55 2.4 35.15
0.95 6 2.4 37.85
0.95 6.5 2.4 33.62
Trade-off
Hybridiz | ratio_tot | Net battery 0-100
factor energy km/h
consumptio acceler
n (in ation
kwh/100km | time
) (in sec)
0.85 6.5 6 17.26
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Figure 34- Pareto-Frontier of the results obtained by the variation of hybridization factor and total ratio, (a) fuel
consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and the
trade-off
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b. Gear number variation:

Table 24-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of hybridization factor and gears number

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | Number | Fuel 0-100 Hybridiz | Number Fuel 0-100
factor gears consumptio | km/h _factor | gears consumption | km/h
n(in accelera (in 1/100km) accelerat
1/100km) tion iontime
time (in sec)
(in sec)
0.75 6 227 9.5 0.95 6 4.05 24
Trade-off
Diff Prim | Number | 0-100km/h | Fuel
ratio gears Acc. consumption
time (in /100km)
(in sec)
0.85 6 5.9 2.47
|
Best battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | Number | Net battery | 0-100 Hybridiz | Number | Net battery 0-100
factor gears energy km/h _factor | gears energy km/h
consumptio | acceler consumption | accelera
n (in ation (in tion
kwh/100km | time kwh/100km) | time
) (in sec) (in sec)
0.85 3 14.98 6.9 0.95 6 34.63 24
Trade-off
Hybridiz_ | Number | Net battery | 0-100 |
factor gears energy km/h
consumptio | acceler
n (in ation
kwh/100km | time
) (in sec)
0.85 6 5.9 17.43
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Figure 35-Pareto-Frontier of the results obtained by the variation of hybridization factor and gears number, (a)

fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time, and
the trade-off
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c. Final drive ratio variation:

Table 25- Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of hybridization factor and final drive

ratio

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | Diff Fuel 0-100 Hybridiz | Diff Prim | 0-100 km/h Fuel
factor Prim consumptio | km/h _factor | ratio Acc. consumption
ratio n(in accelera time (in 1/100km)
1/100km) tion (in sec)
time
(in sec)
0.75 4.6 2.18 7.9 0.95 4.6 2.1 4.56
Trade-off
Diff Prim | Diff 0-100 km/h | Fuel
ratio Prim Acc. consumption
ratio time (in I/100km)
(in sec)
0.85 4.6 5 2.5
Best battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | Diff Net battery 0-100 Hybridiz | Diff Prim 0-100 Net battery
factor Prim energy km/h _factor | ratio km/h energy
ratio consumptio | acceler acceler consumption
n (in ation ation (in
kwh/100km | time time kwh/100km)
) (in sec) (in sec)
0.75 4.6 15.39 7.9 0.95 4.6 2.1 44.38
Trade-off
Hybridiz_ | Diff 0-100 Net battery
factor Prim km/h energy
ratio accele consumption
ration (in
time kwh/100km)
(in sec)
0.85 4.6 5 16.03
T
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Figure 36- Pareto-Frontier of the results obtained by the variation of hybridization factor and final drive ratio ,
(a) fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h acceleration time,
and the trade-off
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d. Ratio EM to trans variation:

Table 26-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel

economy, best 0-100km/h acceleration test, and trade -off by the variation of hybridization factor and ratio between
EM and transmission

Trade-off between fuel consumption and 0-100km/h acceleration time
Hybridiz_ gear_ratio_ 0-100 km/h Fuel consumption(in
factor EM to_trans Acc. 1/100km)
time
(in sec)
0.85 4 22 0
Best battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | gear_ Net battery 0-100 Hybridiz | gear 0-100 Net battery
factor ratio_ energy km/h _factor | ratio_ km/h energy
EM_to_ | consumptio | acceler EM_to_ acceler consumption
trans n (in ation trans ation (in
kwh/100km | time time kwh/100km)
) (in sec) (in sec)
0.45 4 10.28 9.6 0.85 4 22 17.73
Trade-off
Hybridiz | gear 0-100 Net battery
factor ratio_ km/h energy
EM_to_ accele consumption
trans ration (in
time kwh/100km)
(in sec)
0.65 4 5.6 11.7
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Figure 37-Pareto-Frontier of the results obtained by the variation of hybridization factor and ratio between EM

and transmission, (a) fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h
acceleration time, and the trade-off
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e. Battery cell number variation:

Table 27-Table representing the powertrain configurations that ensure the best battery energy consumption, fuel
economy, best 0-100km/h acceleration test, and trade -off by the variation of hybridization factor and battery cell
number

Best battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | Batt Net battery 0-100 Hybridiz | Batt 0-100 Net battery
factor num_ energy km/h _factor | num_serie | km/h energy
serie consumptio | acceler acceler consumption
n (in ation ation (in
kwh/100km | time time kwh/100km)
) (in sec) (in sec)
0.85 500 10.19 58 0.95 500 24 14.44
0.95 1000 24 32.82
0.95 2000 24 16.63
Trade-off
Hybridiz_ | Batt_ 0-100 Net battery
factor num_ km/h energy
serie accele consumption
ration (in
time kwh/100km)
(in sec)
0.85 1000 5.9 17.42
Trade-off between fuel consumption and 0-100km/h acceleration time
Hybridiz_ Batt_num_serie 0-100 km/h Fuel consumption(in
factor Acc. 1/100km)
time
(in sec)
0.95 2500 2.5
0.95 3000 25
0.95 3500 2.5 0
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Figure 38-Pareto-Frontier of the results obtained by the variation of hybridization factor and battery cell number
and transmission, (a) fuel consumption, (b) net battery energy consumption in CD mode in function of 0-100km/h
acceleration time, and the trade-off

When we fix the ICE power scale and the hybridization factor at the same
time and we vary the other parameters, we don’t obtain any results. The

candidates don’t ensure a 0-100km/h acceleration time less than 9.7 sec
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because the ICE power scale and the hybridization factor are parameters
related to the engine and the EM respectively, which are responsible at

propelling the vehicle.

B-WLTP short drive cycle:

This paragraph represents the results and observations obtained by

using WLTP short drive cycle (23.25 km).

e Full HEV:

The charge sustaining mode State of charge (SOC_CS) is equal to
0.5 and the payload is 1500kg.
I- ICE power scale variation:

a. Final drive ratio variation:

Table 28-Table representing the powertrain configurations that ensure the best battery energy consumption, best 0-
100km/h acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and differential
gear ratio

Best fuel economy Best 0-100km/h acceleration time
Diff Ice_ 0-100 Fuel Diff lce_ 0-100 km/h Fuel
Prim power_ km/h Con. Prim power_ Acc. Con.
ratio kW _ Acc. (in 1/100km) ratio kW _ time (in 1/100km)

scale time scale (in sec)

(in sec)

4.6 280 9.6 5.24 4.6 300 9 5.29
Trade-off
Diff Ice_ 0-100 Fuel
Prim power_ km/h Con.
ratio kW _ Acc. (in 1/100km)

scale time

(in sec)

4.6 290 9.3 5.27
Best cO2 emission reduction Best HEV cost
Diff Ice_ coz Total cost Diff lce_ coz Total cost
Prim power_ Emission (in USD) Prim power_ Emission (in USD)
ratio kW _ (in grams/km) ratio kW_ (in grams/km)

scale scale
4.6 280 168.1097 36000.9 | 4.6 280 168.1097 36000.9

56



e e e T
£, B =17 S S o 1 B SN R R

o
3
@

® daa
®  best battery energy consumption
best acceleration

* daa
@ Dest fuel economy 08}

best acceleration
o tredefl

2
i

o

R

1)
14
>

o
@ Y
B a
.

o o
S a

)
»

526

fuel consumption (in I/100km)
2
a
total battery energy consumption (in KWh)
A o .
= o

o
i
)
&
>

5245 SOl

9 9.1 9.2 8.3 0.4 9.5 9.6 ) 89 9 9.1 9.2 9.3 9.4 95 9.6
0-100km/h acceleration time (in sec) 0-100km/h acceleration time (in sec)

(a) (b)

® data
®  best CO2 emission reduction

3.66 best cost

3.65

o
@
i

total cost (in USD)
@
8

Lt
@
R

36— L . )
168 1685 169 169.5
CO2 emissions (in grams/km)

(©

Figure 39-Pareto-Frontier of the results obtained by the variation of ICE power scale and differential gear ratio,
(a) fuel consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c)
total cost in function of CO2 emission and the trade-off

By varying ICE power scale and the final drive ratio, we have a small
number of feasible candidates which all have the same final drive ratio but
different ICE power scales (those are satisfying 0-100km/h acceleration time
less than 9.7sec).

We remark that the configuration having the smallest ICE power scale has
the smallest fuel consumption, CO2 emission and total cost but higher 0-
100km/h acceleration time. Also, the feasible configurations have the

highest final drive ratio value.
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b. Ratio EM to trans variation:

Table 29-Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and gear ratio
between EM and transmission

|
10

Best fuel economy Best 0-100km/h acceleration time
gear_ lce_ 0-100 Fuel gear_ Ice_ 0-100 km/h Fuel
ratio_ power_ km/h Con. ratio_ power_ Acc. Con.
EM_to_ kw_ Acc. (in 1/100km) EM_to_ kW_ time (in 1/100km)
trans scale time trans scale (in sec)
({in sec)
4 300 5.5 4.22 4 300 5.5 4.22
Best cO2 emission reduction Best HEV cost
gear_ Ice_ co2 Total cost | gear_ Ice_ coz2 Total cost
ratio_ power_ Emission {in USD) ratio_ power_ Emission (in USD)
EM_to_ kW _ (in grams/km) EM_to_ kW _ (in grams/km)
trans scale trans scale
4 300 135.3546 36595.5 |4 160 210.4874 32017.67
Trade-off
gear_ lee_ co2 Total cost
ratio_ power_ Emission {in USD)
EM_to_ kw_ (in grams/km)
trans scale
4 230 178.1319 34313.5
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Figure 40-Pareto-Frontier of the results obtained by the variation of ICE power scale and differential
gear ratio, (a) fuel consumption, (b) total battery energy consumption all in function of 0-100km/h

acceleration time, (c) total cost in function of CO2 emission and the trade-off
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By varying the ICE power scale and the ratio between EM and the
transmission, we obtain feasible candidates by taking the ratio higher than
3. And by choosing the highest ratio (which is 4) and highest ICE power
scale we get the best fuel economy, the best 0-100km/h acceleration time
but the total cost is very high.

II. Hybridization factor variation:

a. ICE power scale variation:

Table 30- Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and hybridization factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | lce_ 0-100 Fuel Hybridiz_ lce_ 0-100 km/h Fuel
factor power_ km/h Con. factor power_ Acc. Con.
kw_ Acc. (in 1/100km) kw_ time (in I/100km)
scale time scale (in sec)
(in sec)
0.85 90 7.9 5.24 0.95 S0 3 6.51
0.85 300 3 6.9
Tarde-off
Hybridiz_ | Ice_ 0-100 Fuel
factor power_ km/h Con.
kW_ Acc. (in 1/100km)
scale time
(in sec)
0.85 140 5.4 5.61
Best cO2 emission reduction Best HEV cost
Hybridiz_ lce_ co2 Total cost Hybridiz_ Ice_ co2 Total cost
factor power_ Emission (in USD) factor power_ Emission (in USD)
kw_ (in grams/km) kw_ (in grams/km)
scale scale
0.85 90 168.08 38571.75 | 0.75 130 169.917 37161.21
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Figure 41-Pareto-Frontier of the results obtained by the variation of ICE power scale and hybridization factor, (a)
fuel consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c) total cost
in function of CO2 emission and the trade-off

When we vary the hybridization factor and the ICE power scale, we have
that for each value of the hybridization factor and by increasing the ICE
power scale the fuel consumption is increased, by consequence the CO2
emission is increased too, while the 0-100km/h acceleration time is
decreased. But the best solution ensuring the less fuel consumption and less
CO2 emissions is the one that has high hybridization factor and small ICE
power scale.

b. Total ratio variation:

Table 31-Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of total ratio and hybridization factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | ratio_tot | 0-100 Fuel Hybridiz_ ratio_tot 0-100 km/h Fuel
factor km/h Con. factor Acc. Con.
Acc. (in 1/100km) time (in 1/100km)
time (in sec)
(in sec)
0.85 6.5 7.2 53 0.95 3 3 6.84
Best cO2 emission reduction Best HEV cost
Hybridiz_ | ratio_tot | CO2 Total cost Hybridiz_ ratio_tot co2 Total cost
factor Emission (in USD) factor Emission (in USD)
(in grams/km) (in grams/km)
0.85 6.5 169.87 39931.1 | 0.85 6.5 169.87 39931.15
5
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Figure 42-Pareto-Frontier of the results obtained by the variation of total ratio and hybridization factor, (a) fuel
consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c) total cost in
Sfunction of CO2 emission and the trade-off’

For high hybridization factor and highest value of the total ratio we obtain
the best fuel economy and then best CO2 emission. And for each
hybridization factor value, by varying the total ratio the fuel is consumed
in the same range, only when we change the hybridization factor, we see a

remarkable change in the fuel consumption.
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c. Number of gears variation:

Table 32- Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of gears number and hybridization factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | Numbers | 0-100 Fuel Hybridiz_ Numbers 0-100 km/h Fuel
factor gears km/h Con. factor gears Acc. Con.
Acc. (in 1/100km) time (in 1/100km)
time (in sec)
(in sec)
0.85 6 7.2 5.29 0.95 4 3 7.06
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Numbers | CO2 Total cost Hybridiz_ Numbers co2 Total cost
factor gears Emission (in USD) factor Gears Emission (in USD)
(in grams/km) (in grams/km)
0.85 6 169.66 39930.5 | 0.85 3 171.435 39499.54
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Figure 43-Pareto-Frontier of the results obtained by the variation of gears number and hybridization factor, (a) fuel
consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c) total cost in
function of CO2 emission and the trade-off
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The same observation as in the variation of the total ratio is obtained here.

The change of the hybridization has only the remarkably effect on the fuel

consumption and 0-100km/h acceleration test.

d. Final drive ratio variation:

Table 33-Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of final drive ratio and hybridization factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | Diff Prim | 0-100 Fuel Hybridiz_ Diff Prim 0-100 km/h Fuel
factor ratio km/h Con. factor ratio Acc. Con.
Acc. (in 1/100km) time (in 1/100km)
time (in sec)
(in sec)
0.75 4.6 9.7 5.14 0.95 4 3.1 6.87
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Diff Prim | CO2 Total cost Hybridiz_ Diff Prim | CO2 Total cost
factor ratio Emission (in USD) factor ratio Emission (in USD)
(in grams/km) (in grams/km)
0.75 4.6 164.88 34660.7 | 0.75 4.6 164.88 34660.782
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Figure 44-Pareto-Frontier of the results obtained by the variation of final drive ratio and hybridization factor, (a)
fuel consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c) total cost
in function of CO2 emission and the trade-off

By varying the hybridization factor and the final drive ratio, for each fixed
value of the hybridization factor the fuel consumptions and the CO2
emissions are varied in specific interval while the 0-100km/h acceleration
time is changed significantly. The 0-100km/h acceleration time decreases
by the increase of the final drive ratio.

We obtain different fuel consumptions and CO2 emissions only when we
change the hybridization factor. And we get the smallest CO2 emissions

with the configuration having the smallest hybridization factor.
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e. Ratio EM to trans variation:

Table 34-Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and transmission and
hybridization factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ gear 0-100 Fuel Hybridiz_ gear 0-100 km/h Fuel
factor ratio km/h Con. factor ratio Acc. Con.
EM Acc. (in 1/100km) EM time (in 1/100km)
to time to (in sec)
trans (in sec) trans
0.65 4 6.9 3.77 0.95 0.5 5 5.54
Best cO2 emission reduction Best HEV cost
Hybridiz_ gear co2 Total cost Hybridiz_ gear co2 Total cost
factor ratio Emission (in USD) factor ratio Emission (in USD)
EM (in grams/km) EM to (in grams/km)
to trans
trans
0.65 4 120.74 32283.5 | 0.55 4 191.75 31235.05
1 9
Trade-off
Hybridiz_ gear co2 Total cost
factor ratio Emission (in USD)
EM (in grams/km)
to
trans
0.75 35 141.5886 34599.5
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Figure 45-Pareto-Frontier of the results obtained by the variation of ratio between EM and transmission and
hybridization factor, (a) fuel consumption, (b) total battery energy consumption all in function of 0-100km/h
acceleration time, (c) total cost in function of CO2 emission and the trade-off

By increasing the ratio between EM and transmission and decreasing the
hybridization factor we obtain the smallest CO2 emission and total cost
while increasing the 2 parameters leads to have the smallest 0-100km/h
acceleration time.

f. Battery capacity variation:

Table 35-Table representing the powertrain configurations that ensure the fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of battery capacity and hybridization factor

e mme e e e e g e —m e mm — ey —m— e ——

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | Battery 0-100 Fuel Hybridiz_ Battery 0-100 km/h Fuel
factor Capacity | km/h Con. factor Capacity Acc. Con.
(Wh) Acc. (in 1/200km) (Wh) time (in 1/200km)
time (in sec)
(in sec)
0.85 26600 | 7.5 5.21 0.95 34200 3 6.77
0.85 30400 |7.6 5.21 0.95 38000 3 6.59
0.85 34200 |7.7 5.21 0.95 41800 3 6.81
0.95 45600 3 6.79
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Battery Cc0o2 Total cost Hybridiz_ Battery co2 Total cost
factor Capacity | Emission (in USD) factor Capacity Emission (in USD)
(Wh) (in grams/km) (Wh) (in grams/km)
0.85 30400 |166.93 46033.1 | 0.85 3800 173.041 38921.88
0
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Figure 46- Pareto-Frontier of the results obtained by the variation of battery capacity and hybridization factor , (a)
fuel consumption, (b) total battery energy consumption all in function of 0-100km/h acceleration time, (c) total cost
in function of CO2 emission and the trade-off

The increase of the hybridization factor and the battery capacity leads to
the increase of the CO2 emissions and while the decrease in the battery
capacity decreases the 0-100km/h acceleration time.

But for each specific hybridization factor value the CO2 emissions vary in
small range when varying the battery capacity while by changing the
hybridization factor the CO2 emission values are significantly changed that

means that the hybridization factor has the remarkable effect.
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e Plug-in HEV:
The charge sustaining mode State of charge (SOC _CS) is equal to 0.3 and

thedelivery is fully charged at the beginning of the cycle (when it leaves

the warehouse the initial State of charge (SOC init) is equal to 0.95) and

the payload is 1500kg.

Table 36-Table representing the powertrain configurations that ensure the best battery energy consumption, best (-
100km/h acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and final drive

ratio

I- ICE power scale variation:

a. Final drive ratio variation:

Best Net battery energy consumption

Best 0-100km/h acceleration time

Diff lce_ 0-100 Net battery Diff Ice_ 0-100 km/h Net battery
Prim power_ km/h energy Prim power_ Acc. energy
ratio kw_ Acc. consumption ratio kW _ time consumption
scale time (in scale (in sec) (in
(in sec) kwh/100km) kWh/100km)
4.6 280 9.6 17.41 4.6 300 9 17.58
Trade-off
Diff Ice_ 0-100 Net battery
Prim power_ km/h energy
ratio kW _ Acc. consumption
scale time (in
(in sec) kWh/100km)
4.6 290 9.3 17.52
Best cO2 emission reduction Best HEV cost
Diff lce_ coz2 Total cost Diff lce_ co2 Total cost
Prim power_ Emission (in USD) Prim power_ Emission (in USD)
ratio kW _ (in grams/km) ratio kW_ (in grams/km)
scale scale
4.6 280 88.40 35518.6 | 4.6 280 88.40 35518.6
1 17.58
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Figure 47-Pareto-Frontier of the results obtained by the variation of ICE power scale and differential gear ratio,

(a) fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the

3 in function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off’

By varying the ICE power scale and the final drive ratio, we obtain

a small number of feasible candidates and we remark that by increasing the

final drive ratio with the ICE power scale we can ensure 0-100km/h

acceleration time less than 9.7 sec.

Between the feasible candidates, the configuration having the smallest ICE

power scale, it has the smallest CO2 emission, battery energy consumption

and the smallest cost but the highest 0-100km/h acceleration time.

b. Ratio EM to trans variation:

Table 37-Table representing the powertrain configurations that ensure the best battery energy consumption, best
0-100km/h acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and gear
ratio between EM and transmission

69

Best Net battery energy consumption| Best 0-100km/h acceleration time
gear_ lce_ 0-100 Net battery gear_ lce_ 0-100 km/h Net battery
ratio_ power_ km/h energy ratio_ power_ Acc, energy
EM_to_ kw_ Acc. consumption EM_to_ kW _ time consumption
trans scale time (in trans scale (in sec) (in

{in sec) kWh/100km) kWwh/100km)

14 160 9.5 5.77 4 300 5.5 6.72

Best cO2 emission reduction Best HEV cost
gear_ lce_ co2 Total cost | gear_ Ice_ co2 Total cost
ratio_ power_ Emission {in USD) ratio_ power_ Emission (in USD)
EM_to_ kw_ (in grams/km) EM_to_ kW _ (in grams/km)
trans scale trans scale
4 160 29.32 31395.6 | 4 160 29.32 31395.6
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Figure 48-Pareto-Frontier of the results obtained by the variation of ICE power scale and gear ratio between EM
and transmission, (a) fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy
consumption all the 3 in function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the
trade-off

With the variation of the ICE power scale and the ratio between EM and
transmission, we obtain feasible candidates by increasing the ratio between
EM and transmission to a value higher than 3. We remark that for each
specific value of the gear ratio and by varying the ICE power scale, the
battery energy is consumed in a specific interval. But by increasing the gear
ratio and decreasing the ICE power scale, the battery energy consumption,

the CO2 emission and the total cost decrease.
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[I- Hybridization factor variation:

a. ICE power scale variation:

Table 38- Table representing the powertrain configurations that ensure the best battery energy consumption, best
0-100km/h acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and

hybridization factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ Ice_ 0-100 Net battery Hybridiz_ lce_ 0-100 km/h Net battery
factor power_ km/h energy factor power_ Ace. energy
kW _ Acc. consumption kW _ time consumption
scale time (in scale (in sec) (in
(in sec) kWh/100km) kWh/100km)
0.45 290 9.5 17.9 0.85 300 3 32.34
Trade-off
Hybridiz_ Ice_ 0-100 Net battery
factor power_ km/h energy
kw_ Acc. consumption
scale time (in
(in sec) kWh/100km)
0.85 140 5.4 19.92
Best cO2 emission reduction Best HEV cost
Hybridiz_ Ice_ coz2 Total cost Hybridiz_ Ice_ coz Total cost
factor power_ Emission (in USD) factor power_ Emission (in USD)
kw_ (in grams/km) kW _ (in grams/km)
scale scale
0.45 290 90.88 37461.05 | 0.75 130 92.54 36673.83
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Figure 49-Pareto-Frontier of the results obtained by the variation of ICE power scale and hybridization factor, (a)
fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the 3 in
Sfunction of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off

The variation of the hybridization factor and the ICE power scale leads to

a huge number of feasible candidates because the EM and ICE are

responsible of propelling the vehicle, in consequence, decreasing the 0-

100km/h acceleration time to satisfy a value less than 9.7 sec.

But we remark that by increasing the ICE power scale and decreasing the

hybridization factor and vice versa, we obtain smallest CO2 emission and

smallest cost. In the other hand, we obtain the smallest 0-100km/h

acceleration time by increasing the two parameters at the same time.
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b. Total ratio variation:

Table 39-Table representing the powertrain configurations that ensure the best battery energy consumption, best 0-
100km/h acceleration test, best CO2 emission and best total cost by the variation of total ratio and hybridization

factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | ratio_tot | 0-100 Net battery Hybridiz_ ratio_tot 0-100 km/h Net battery
factor km/h energy factor Acc. energy
Acc. consumption time consumption
time (in (in sec) (in
(in sec) kWh/100km) kWh/100km)
0.85 6.5 7.2 18.62 0.95 3 3 33.58
Best cO2 emission reduction Best HEV cost
Hybridiz_ | ratio_tot | CO2 Total cost Hybridiz_ ratio_tot co2 Total cost
factor Emission (in USD) factor Emission (in USD)
(in grams/km) (in grams/km)
0.85 6.5 94.56 39443.94 | 0.85 6.5 94.56 39443.94
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Figure 50-Pareto-Frontier of the results obtained by the variation of total ratio and hybridization factor, (a) fuel
consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the 3 in

function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off
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By varying the total ratio and hybridization factor, we obtain a small
number of feasible solutions (satisfying 0-100km/h acceleration time less
than 9.7 sec). These feasible solutions have high hybridization factor (more
than 0.85).

All the feasible solutions that have the same hybridization factor but
different total ratio, they have closed values of battery energy consumed
and therefore closed CO2 emission and also closed 0-100km/h acceleration
times. But once we change the hybridization factor, we obtain a remarkable
different value of CO2 emission. Then, the hybridization factor has the
high impact on the battery consumption and the CO2 emissions.

c. Number of gears variation:

Table 40- Table representing the powertrain configurations that ensure the best battery energy consumption, best
0-100km/h acceleration test, best CO2 emission and best total cost by the variation of gears number and
hybridization factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | Numbers | 0-100 Net battery Hybridiz_ Numbers 0-100 km/h Net battery
factor gears km/h energy factor gears Acc. energy
Acc. consumption time consumption
time (in (in sec) (in
(in sec) kWh/100km) kWh/100km)
0.85 3 8.4 18.71 0.95 4 3 30.53
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Numbers | CO2 Total cost Hybridiz_ Numbers Cco2 Total cost
factor gears Emission (in USD) factor gears Emission (in USD)
(in grams/km) (in grams/km)
0.85 6 94.57 39443.94 |0.85 3 94.99 39007.84
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Figure 51-Pareto-Frontier of the results obtained by the variation of gears number and hybridization factor , (a)
fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the 3 in
Sfunction of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off’

Here we observe the same results as in the variation of the total ratio.
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d. Final drive ratio variation:

Table 41-Table representing the powertrain configurations that ensure the best battery energy consumption, best (-
100km/h acceleration test, best CO2 emission and best total cost by the variation of final drive ratio and
hybridization factor

Best 0-100km/h accelerat

Best Net battery energy consumption ion time
Hybridiz_ | Diff Prim | 0-100 Net battery Hybridiz_ Diff Prim 0-100 km/h Net battery
factor ratio km/h energy factor ratio Acc. energy
Acc. consumption time consumption
time (in (in sec) (in
(in sec) kWh/100km) kWh/100km)
0.75 4.6 9.7 17.45 0.95 4 3.1 33.35
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Diff Prim | CO2 Total cost Hybridiz_ Diff Prim co2 Total cost
factor ratio Emission (in USD) factor ratio Emission (in USD)
(in grams/km) (in grams/km)
0.75 4.6 88.63 34187.81 | 0.75 4.6 88.63 34187.81
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Figure 52-Pareto-Frontier of the results obtained by the variation of final drive ratio and hybridization factor, (a)
fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off
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By varying the hybridization factor and the final drive ratio. For each fixed
value of the hybridization factor the battery energy consumption and the
CO2 emissions are varied in specific interval while the 0-100km/h
acceleration time is changed significantly. The 0-100km/h acceleration
time decreases by the increase of the final drive ratio.

We obtain different CO2 emissions only when we change the hybridization
factor. And we get the smallest CO2 emissions with the configuration
having the smallest hybridization factor.

e. Ratio EM to trans variation:

Table 42-Table representing the powertrain configurations that ensure the best battery energy consumption, best (-
100km/h acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and
transmission and hybridization factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ gear 0-100 Net battery Hybridiz_ gear 0-100 km/h Net battery
factor ratio km/h energy factor ratio Acc. energy
EM Acc. consumption EM to time consumption
to time (in trans (in sec) (in
trans (in sec) kWh/100km) kWh/100km)
0.55 4 9.2 6.06 0.85 35 3.6 11.67
Tarde-off
Hybridiz_ gear 0-100 Net battery
factor ratio km/h energy
EM Acc. consumption
to time (in
trans (in sec) kWh/100km)
0.75 4 4.7 7.85
Best cO2 emission reduction Best HEV cost
Hybridiz_ gear C02 Total cost Hybridiz_ gear Cc0o2 Total cost
factor ratio Emission (in USD) factor ratio Emission (in USD)
EM (in grams/km) EM to (in grams/km)
to trans
trans
0.55 4 30.79 30682.54 | 0.55 4 30.79 30682.54
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Figure 53-Pareto-Frontier of the results obtained by the variation of the ratio between EM and transmission and
hybridization factor, (a) fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy
consumption all the 3 in function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the

trade-off

By increasing the ratio between EM and transmission and decreasing the

hybridization factor we obtain a small CO2 emission while by increasing

the 2 parameters we have the smallest 0-100km/h acceleration time.

In this case we obtain the best CO2 emission reduction among all the other

solutions.
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f. Battery capacity variation:

Table 43-Table representing the powertrain configurations that ensure the best battery energy consumption, best (-
100km/h acceleration test, best CO2 emission and best total cost by the variation of battery capacity and
hybridization factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | Battery 0-100 Net battery Hybridiz_ Battery 0-100 km/h Net battery
factor Capacity | km/h energy factor Capacity Acc. energy
(Wh) Acc. consumption (Wh) time consumption
time (in (in sec) (in
(in sec) kWh/100km) kWh/100km)
0.85 15200 | 7.3 18.1 0.95 34200 3 25.08
0.95 38000 3 25.07
0.95 41800 3 253
0.95 45600 3 25.27
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Battery co2 Total cost Hybridiz_ Battery coz Total cost
factor Capacity | Emission (in USD) factor Capacity Emission (in USD)
(Wh) (in grams/km) (Wh) (in grams/km)
0.85 15200 |91.89 41480.69 |0.85 7600 94.58 39443.94
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Figure 54-Pareto-Frontier of the results obtained by the variation of battery capacity and hybridization factor, (a)
fuel consumption, (b) net battery energy consumption in CD mode, (c) total battery energy consumption all the 3 in
function of 0-100km/h acceleration time, (d) total cost in function of CO2 emission and the trade-off

The increase of the hybridization factor and the battery capacity leads to
the increase of the CO2 emissions and the battery energy consumption,
while the decrease in the battery capacity decreases the 0-100km/h
acceleration time.
But for each specific hybridization factor value the CO2 emissions vary in
small range when varying the battery capacity while by changing the
hybridization factor the CO2 emission values are significantly changed that

means that the hybridization factor has the remarkable effect.

Since we have different characteristics for each drive cycle, the fuel and
battery energy consumption are not the same, we have more fuel

consumption in NREL Baltimore because it is longer and have more stops

than WLTP (Figures 13 and 14).
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C-WLTP long drive cycle:

This paragraph represents the results and observations obtained by

using WLTP long drive cycle (69.75 km).

e Full HEV:

The charge sustaining mode State of charge (SOC_CS) is equal to
0.5 and the payload is 1500kg.
I- ICE power scale variation:

a. Final drive ratio variation:

Table 44-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of final drive ratio and ICE power scale

Best fuel economy Best 0-100km/h acceleration time
Diff lee_ 0-100 Fuel Diff lce_ 0-100 km/h Fuel
Prim power_ km/h Con. Prim power_ Acc. Con.
ratio kW_ Acc. (in 1/100km) ratio kw_ time (in 1/100km)

scale time scale (in sec)

in sec)

4.6 210 9.6 4.85 4.6 300 7.1 513
Trade-off
Diff lee_ 0-100 Fuel
Prim power_ km/h Con.
ratio kW_ Acc. (in 1/100km)

scale time

(in sec)

4.6 250 8.3 4.99
Best cO2 emission reduction Best HEV cost
Diff Ice_ coz Total cost Diff Ice_ co2 Total cost
Prim power_ Emission (in USD) Prim power_ Emission (in USD)
ratio kw_ (in ratio kw_ (in grams/km)

scale grams/km) scale
4.6 210 155.59 66282.04 [ 4.6 210 155.59 66282.04
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b. Ratio EM to trans variation:

Table 45-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and transmission and
ICE power scale

Best fuel economy Best 0-100km/h acceleration time
gear_ lce_ 0-100 Fuel gear_ lce_ 0-100 km/h Fuel
ratio_ power_ km/h Con. ratio_ power_ Acc. Con.
EM_to_ kW_ Acc. (in 1/100km) EM_to_ kw_ time (in 1/100km)
trans scale time trans scale (in sec)
(in sec)
1 270 9.2 5.01 3 300 6.3 10.71
Trade-off
gear_ Ice_ 0-100 km/h Fuel
ratio_ power_ Acc. Con.
EM_to_ KW_ time (in 1/100km)
trans scale (in sec)
4 160 6.8 6.59
|
Best cO2 emission reduction Best HEV cost
gear_ lee_ co2 Total cost | gear_ Ice_ co2 Total cost
ratio_ power_ Emission (in USD) ratio_ power_ Emission (in USD)
EM_to_ kw_ (in grams/km) EM_to_ kw_ (in grams/km)
trans scale trans scale
1 270 160.62 69900.6 |1 260 161.47 69635.39

C. Gears number variation:

Table 46-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of gears number and ICE power scale

Best fuel economy Best 0-100km/h acceleration time
Gears lce_ 0-100 Fuel Gears Ice_ 0-100 km/h Fuel
number power_ km/h Con. number power_ Acc. Con.
kW_ Acc. (in 1/200km) kW_ time (in 1/100km)
scale time scale (in sec)
(in sec)
6 260 9.5 4.98 6 300 8.4 5.14
Trade-off
Gears Ice_ 0-100 km/h Fuel
number power_ Acc. Con.
kw_ time (in 1/200km)
scale (in sec)
6 280 8.9 5.03
Best cO2 emission reduction Best HEV cost
Gears lce_ €02 Total cost | Gears lce_ €02 Total cost
number | power_ Emission (in USD) number power_ Emission (in USD)
kW_ (in grams/km) kW_ (in grams/km)
scale scale
6 260 158.57 69254.6 | 6 260 159.57 69254.6
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d. Total ratio variation:
Table 47-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of total ratio and ICE power scale

Best fuel economy Best 0-100km/h acceleration time
ratio_tot | lce_ 0-100 Fuel ratio_tot lee_ 0-100 km/h Fuel
power_ km/h Con. power_ Acc. Con.
kw_ Acc. (in I/100km) kW_ time (in 1/100km)
scale time scale (in sec)
(in sec)
6.5 260 9.5 4.99 5.5 300 8.5 5.16
6 300 8.5 5.18
6.5 300 8.5 5.16
Trade-off
ratio_tot Ice_ 0-100 km/h Fuel
power_ Acc. Con.
kw_ time (in 1/100km)
scale (in sec)
5.5 280 9 5.03
Best cO2 emission reduction Best HEV cost
ratio_tot | lce_ co2 Total cost | ratio_tot Ice_ co2 Total cost
power_ Emission (in USD) power_ Emission (in USD)
kw_ (in grams/km) kw_ (in grams/km)
scale scale
6.5 260 160.01 69343.4 | 6.5 260 160.01 69343.4

e. Battery capacity variation:
Table 48-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of the battery capacity and ICE power
scale

Best fuel economy Best 0-100km/h acceleration time
Battery Ice_ 0-100 Fuel Battery lce_ 0-100 km/h Fuel
capacity power_ km/h Con. capacity in power_ Acc. Con.
in (Wh) kw_ Acc. (in 1/100km) (Wh) kW_ time (in 1/100km)

scale time scale (in sec)

(in sec)
7600 280 9.5 8.5 3800 300 8.4 5.27
7600 300 8.4 5.17

Trade-off
Battery Ice_ 0-100 Fuel
capacity power_ km/h Con.
in (Wh) kw_ Acc. (in I/100km)

scale time

(in sec)

7600 280 8.9 5.03
Best cO2 emission reduction Best HEV cost
Battery Ice_ co2 Total cost Battery Ice_ coz2 Total cost
capacity power_ Emission (in USD) capacity in power_ Emission (in USD)
in (Wh) kw_ (in (wh) kw_ (in grams/km)

scale grams/km) scale
7600 260 158.57 69254.65 | 7600 260 158.57 69254.65
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[I- Hybridization factor variation:

a. ICE power scale variation:

Table 49-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of the ICE power scale and hybridization
factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | lce_ 0-100 Fuel Hybridiz_ Ice_ 0-100 km/h Fuel
factor power_ km/h Con. factor power_ Acc. Con.
kW_ Acc. (in I/2100km) kW_ time (in 1/200km)
scale time scale (in sec)
in sec)
0.65 180 9.4 4.98 0.95 90 3 6.4
0.55 240 9.3 4.98 0.85 300 3 6.79
Tarde-off
Hybridiz_ | lce_ 0-100 Fuel
factor power_ km/h Con.
kw_ Acc. (in 1/100km)
scale time
(in sec)
0.75 200 6.3 5.39
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Ice_ coz Total cost Hybridiz_ Ice_ coz2 Total cost
factor power_ Emission (in USD) factor power_ Emission (in USD)
kw_ (in grams/km) kw_ (in grams/km)
scale scale
0.55 240 158.53 69427.88 | 0.75 130 160.2 68856.77

b. Total ratio variation:

Table 50-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of the total ratio and hybridization factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | ratio_tot | 0-100 Fuel Hybridiz_ ratio_tot 0-100 km/h Fuel
factor km/h Con. factor Acc. Con.
Acc. (in 1/100km) time (in I/200km)
time (in sec)
(in sec)
0.85 6.5 7.2 5.03 0.85 5 7.2 5.26
0.85 5.5 7.2 5.19
0.85 6 7.2 5.21
0.85 6.5 7.2 5.03
Best cO2 emission reduction Best HEV cost
Hybridiz_ | ratio_tot | CO2 Total cost | Hybridiz_ ratio_tot co2 Total cost
factor Emission (in USD) factor Emission (in USD)
(in grams/km) (in grams/km)
0.85 6.5 161.4 71867.9 [0.85 6.5 161.4 71867.96
6
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c. Gears number variation:

Table 51-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of gears number and hybridization factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | Numbers | 0-100 Fuel Hybridiz_ Numbers 0-100 km/h Fuel
factor gears km/h Con. factor gears Acc. Con.
Acc. (in 1/200km) time (in 1/200km)
time (in sec)
(in sec)
0.85 6 7.2 5.1 0.95 4 3 6.81
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Numbers | CO2 Total cost Hybridiz_ Numbers co2 Total cost
factor gears Emission (in USD) factor Gears Emission (in USD)
(in (in grams/km)
grams/km)
0.85 6 163.54 72299.09 | 0.85 3 164.72 72100.08

d. Final drive ratio:

Table 52-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of final drive ratio and hybridization factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | Diff Prim | 0-100 Fuel Hybridiz_ Diff Prim | 0-100km/h | Fuel
factor ratio km/h Con. factor ratio Acc. Con.
Acc. (in 1/100km) time (in 1/100km)
time (in sec)
(in sec)
0.75 4.6 9.7 4.85 0.95 4 31 6.87
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Diff Prim | CO2 Total cost Hybridiz_ Diff Prim | cO2 Total cost
factor ratio Emission (in USD) factor ratio Emission (in USD)
(in grams/km) (in grams/km)
0.75 4.6 155.47 65421.9 | 0.75 4.6 155.47 65421.962
62

e. Ratio between EM and transmission variation:

Table 53-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and transmission and
hybridization factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ gear 0-100 Fuel Hybridiz_ gear 0-100 km/h Fuel
factor ratio km/h Con. factor ratio Acc. Con.
EM Acc. {in 1/100km) EM time (in I/100km)
to time to (in sec)
trans (in sec) trans
0.85 1 7.2 5.03 0.85 2 6.2 7.96
Best cO2 emission reduction Best HEV cost
Hybridiz_ gear coz2 Total cost Hybridiz_ gear co2 Total cost
factor ratio Emission (in USD) factor ratio Emission (in USD)
EM (in grams/km) EM to (in grams/km)
to trans
trans
0.85 1 161.25 71839.3 | 0.85 1 161.25 71839.3
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f. Battery capacity variation:

Table 54-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of battery capacity and hybridization factor

Best fuel economy Best 0-100km/h acceleration time
Hybridiz_ | Battery 0-100 Fuel Hybridiz_ Battery 0-100 km/h Fuel
factor Capacity | km/h Con. factor Capacity Acc. Con.
(Wh) Acc. (in 1/100km) (Wh) time (in 1/1200km)
time (in sec)
(in sec)
0.85 7600 7.2 5.03 0.95 34200 3 6.57
0.85 15200 |7.3 5.03 0.95 38000 3 6.57
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Battery coz2 Total cost Hybridiz_ Battery co2 Total cost
factor Capacity | Emission (inUsSD) factor Capacity Emission (in USD)
(Wh) (in grams/km) (Wh) (in grams/km)
0.85 15200 |161.11 73847.7 | 0.85 7600 161.42 71872.75

e Plug-in HEV:
The charge sustaining mode State of charge (SOC_CS) is equal to 0.3 and
thedelivery is fully charged at the beginning of the cycle (when it leaves
the warehouse the initial State of charge (SOC init) is equal to 0.95) and
the payload is 1500kg.

I- ICE power scale variation:

a. Final drive ratio variation:

Table 55- Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of final drive and ICE power scale

Best Net battery energy consumption Best 0-100km/h acceleration time
Diff Ice_ 0-100 Net battery Diff Ice_ 0-100 km/h Net battery
Prim power_ km/h energy Prim power_ Acc. energy
ratio kW_ Acc. consumption ratio kw_ time consumption

scale time (in scale (in sec) (in

(in sec) kWh/100km) kWh/100km)

4.6 210 9.6 9.93 4.6 300 7.1 37.64
Best cO2 emission reduction Best HEV cost
Diff Ice_ co2 Total cost | Diff Ice_ co2 Total cost
Prim power_ Emission (in USD) Prim power_ Emission (in USD)
ratio kwW_ (in grams/km) ratio kw_ (in grams/km)

scale scale
4.6 210 150.74 55259.3 | 4.6 270 262.54 51901.02
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b. Ratio between EM and transmission variation:

Table 56-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and transmission and
ICE power scale

Best Net battery energy consumption Best 0-100km/h acceleration time
gear_ Ice_ 0-100 Net battery gear_ Ice_ 0-100 km/h Net battery
ratio_ power_ km/h energy ratio_ power_ Acc. energy
EM_to_ kw_ Acc. consumption EM_to_ kw_ time consumption
trans scale time (in trans scale (in sec) (in

(in sec) kWh/100km) kWh/100km)
4 110 9.6 5.97 4 270 4.3 29.41
Best cO2 emission reduction Best HEV cost
gear_ lee_ co2 Total cost gear_ lce_ co2 Total cost
ratio_ power_ Emission (in USD) ratio_ power_ Emission (in USD)
EM_to_ | kw_ (in EM_to_ kW_ (in grams/km)
trans scale grams/km) trans scale
4 110 30.3 30724.86 | 4 110 30.3 30724.86

c. Total ratio variation:

Table 57-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of total ratio and ICE power scale

Best Net battery energy consumption Best 0-100km/h acceleration time
ratio_tot | Ice_ 0-100 Net battery ratio_tot Ice_ 0-100 km/h Net battery
power_ km/h energy power_ Acc. energy
kw_ Acc. consumption kW_ time consumption
scale time (in scale (in sec) (in
(in sec) kWh/100km) kWh/100km)
5.5 260 9.6 10.79 6 300 85 295
6.5 300 8.5 28.03
Best cO2 emission reduction Best HEV cost
ratio_tot | Ice_ coz2 Total cost | ratio_tot Ice_ co2 Total cost
power_ Emission (in USD) power_ Emission (in USD)
kw_ (in grams/km) kw (in grams/km)
scale scale
5.5 260 159.25 58263.7 | 6.5 270 192.74 51351.29

@

d. Battery capacity variation:

Table 58-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of battery capacity and ICE power scale

Best Net battery energy consumption Best 0-100km/h acceleration time
Battery Ice_ 0-100 Net battery Battery Ice_ 0-100 km/h Net battery
Capacity | power_ km/h energy Capacity power_ Acc. energy
(Wh) kW_ Acc. consumption | (Wh) kw_ time consumption

scale time (in scale (in sec) (in

(in sec) kwh/100km) kWh/100km)

26600 | 270 9.7 18.03 7600 300 8.4 24.4
Best cO2 emission reduction Best HEV cost
Battery Ice_ co2 Total cost | Battery Ice_ co2 Total cost
Capacity | power_ Emission (in USD) Capacity power_ Emission (in USD)
(Wh) kW_ (in grams/km) (Wh) kw_ (in grams/km)

scale scale
26600 270 91.5966 42862.0 11400 260 93.35 38356.76
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e. Gears number variation:

Table 59-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of gears number and ICE power scale

Best Net battery energy consumption Best 0-100km/h acceleration time
Number | Ice_ 0-100 Net battery Number of Ice_ 0-100 km/h | Net battery
of power_ | km/h energy gears power_ Acc. energy
gears kw_ Acc. consumption kW_ time consumptio

scale time (in scale (in sec) n(in

(in sec) kWh/100km) kWh/100km
)

6 260 9.5 2491 6 300 8.4 25.48
Best cO2 emission reduction Best HEV cost
Number | Ice_ co2 Total cost | Number of Ice_ Cco2 Total cost
of power_ | Emission (inUSD) | gears power_ Emission (in USD)
gears kW _ (in kw_ (in

scale grams/km) scale grams/km)
6 260 193.35 50816.7 |4 280 212.46 50609.95

[I- Hybridization factor variation:

a. ICE power scale variation:

Table 60-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ICE power scale and hybridization factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | lce_ 0-100 Net battery Hybridiz_ Ice_ 0-100 km/h Net battery
factor power_ km/h energy factor power_ Acc. energy

kW_ Acc. consumption kw_ time consumption

scale time (in scale (in sec) (in

(in sec) kWh/100km) kWh/100km)

0.45 230 9.7 17.32 0.85 240 3 27.3
Trade-off
Hybridiz_ | lce_ 0-100 Net battery
factor power_ km/h energy

kW_ Acc. consumption

scale time (in

(in sec) kWh/100km)

0.85 120 5.1 19.42
Best cO2 emission reduction Best HEV cost
Hybridiz_ | lce_ co2 Total cost Hybridiz_ Ice_ co2 Total cost
factor power_ Emission (inUsD) factor power_ Emission (in USD)

kw_ (in grams/km) kw_ (in grams/km)

scale scale
0.45 230 87.96 35202.51 |0.85 60 88.67 34161.09
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b. Total ratio variation:

Table 61-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of total ratio and hybridization factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | ratio_tot | 0-100 Net battery Hybridiz_ ratio_tot 0-100 km/h Net battery
factor km/h energy factor Acc. energy
Acc. consumption time consumption
time (in (in sec) (in
(in sec) kwWh/100km) kWh/100km)
0.85 6 7.2 10.8 0.85 5 7.2 11.43
0.85 5.5 7.2 11.23
0.85 6 7.2 10.8
Best cO2 emission reduction Best HEV cost
Hybridiz_ | ratio_tot | CO2 Total cost Hybridiz_ ratio_tot co2 Total cost
factor Emission (in USD) factor Emission (in USD)
(in grams/km) (in grams/km)
0.85 4 164.38 61299.069 | 0.85 4 164.38 61299.069

c. Gears number variation:

Table 62-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of gears number and hybridization factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | Number 0-100 Net battery Hybridiz_ Number of | 0-100 km/h Net battery
factor of km/h energy factor gears Acc. energy
gears Acc. consumption time consumption
time (in (in sec) (in
(in sec) kWh/100km) kWh/100km)
0.85 4 7.7 26.44 0.85 6 7.2 27.83
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Number co2 Total cost Hybridiz_ Numberof | CO2 Total cost
factor of Emission (inUSD) factor gears Emission (in USD)
gears (in grams/km) (in grams/km)
0.85 4 201.75 52915.81 | 0.85 4 201.75 52915.81

d. Final drive ratio:

Table 63-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of final drive ratio and hybridization factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | Diff Prim 0-100 Net battery Hybridiz_ Diff Prim 0-100 km/h Net battery
factor ratio km/h energy factor ratio Acc. energy
Acc. consumption time consumption
time (in (in sec) (in
(in sec) kWh/100km) kWh/100km)
0.85 4.2 7.2 28.22 0.95 4 31 40.26
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Diff Prim | CO2 Total cost Hybridiz_ Diff Prim co2 Total cost
factor ratio Emission (in USD) factor ratio Emission (in USD)
(in grams/km) (in grams/km)
0.85 4.2 212.78 53624.50 | 0.75 4.6 88.63 34187.81
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e. Ratio between EM and transmission variation:

Table 64-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of ratio between EM and transmission and
hybridization factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | gear 0-100 Net battery Hybridiz_ gear 0-100 km/h Net battery
factor ratio km/h energy factor ratio Acc. energy
EM Acc. consumption EM to time consumption
to time (in trans (in sec) (in
trans (in sec) kWh/100km) kWh/100km)
0.55 4 9.2 6.07 0.85 35 3.6 12.48
Best cO2 emission reduction Best HEV cost
Hybridiz_ gear co2 Total cost Hybridiz_ gear co2 Total cost
factor ratio Emission (in USD) factor ratio Emission (in USD)
EM (in grams/km) EM to (in grams/km)
to trans
trans
0.55 4 30.81 30729.19 | 0.55 4 30.81 30729.19

f. Battery capacity variation:

Table 65-Table representing the powertrain configurations that ensure the best fuel consumption, best 0-100km/h
acceleration test, best CO2 emission and best total cost by the variation of battery capacity and hybridization factor

Best Net battery energy consumption Best 0-100km/h acceleration time
Hybridiz_ | Battery 0-100 Net battery Hybridiz_ Battery 0-100 km/h Net battery
factor Capacity km/h energy factor Capacity Acc. energy
(Wh) Acc. consumption (Wh) time consumption
time (in (in sec) (in
(in sec) kWh/100km) kWh/100km)
0.85 7600 7.2 10.75 0.95 34200 3 25.25
0.95 38000 3 25.26
0.95 41800 3 25.29
0.95 45600 3 25.28
Best cO2 emission reduction Best HEV cost
Hybridiz_ | Battery co2 Total cost Hybridiz_ Battery co2 Total cost
factor Capacity Emission (in USD) factor Capacity Emission (in USD)
(Wh) (in grams/km) (Wh) (in grams/km)
0.85 26600 |93.02 44676.751 | 0.85 22800 93.1 43658.47

We remark that we have a high total cost for Full HEV because of the high
fuel consumption in comparison to Plug-in HEV, which leads to the
increase of the operation cost.

We can conclude from the results obtained above, that the parameters that
have the main effect on the reduction of CO2 emissions and decreasing of
the 0-100km/h acceleration are the parameters related to the engine and
electric motor, which are the ICE power scale, hybridization factor and the

ratio between EM and transmission.
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4.6.2-Particle Swarm optimization:

Kennedy and Eberthart invented Particle Swarm Optimization (PSO) in
1995 [36], which is a stochastic and population-based search technique. It
1s mostly influenced by the social behavior in natural systems with large
groups of individuals, such as flocks of birds or swarm of bees, as well as
human social systems.

The PSO algorithm’s operating premise is based on simulating a
simplified social system, like the behavior of a flock of birds flying across
an area in search of a plentiful food source.

PSO model is made comprised of particles that move in a multi-
dimensional search space and interact with one another. A current position
and a velocity are two attributes of each particle. Every particle preserves
the best position it has achieved in the search space (among the swarm) and
is also aware of the group’s best-reached position. The PSO algorithm
predicts the optimum next location for the particles at each iteration by
taking into account each particle’s particular experience, which is the
memory of its best former position, as well as the experience of the most
successful particle.

In this section, we are illustrating the results obtained by applying the PSO
algorithm to our design space using the WLTP long drive cycle.

The following two tables represent the configurations of the plug-in and
full HEVs that provide the lowest CO2 emission and the cheapest total

cost.
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Table 66-PSO results for best CO2 emissions of Full and Plug-in HEV using WLTP long

Final results Plug- in HEV Full HEV
Total ratio 4.05 4.428
Gears number 4 3
Differential primary ratio | 3.82 3.847
Gear ratio between from 4 0.5

EM to transmission

Battery capacity (in Wh) 39345 21021
Hybridization factor 0.537 0.67
ICE power scale (in kW) 86.48 249
0-100km/h acceleration 9.5 9.3
time (in sec)

CO2 emission (in g/km) 28.71 126.31

Table 67-PSO results for best total cost of Full and Plug-in HEV using WLTP long

Final results Plug- in HEV Full HEV
Total ratio 5.313 3

Gears number 3 4
Differential primary ratio 4.6 4.106
Gear ratio between from 2.722 3.744
EM to transmission

Battery capacity (in kWh) 8.7 3.875
Hybridization factor 0.32 0.403
ICE power scale (in kW) 162.635 101.247
0-100km/h acceleration 9.6 9.4
time (in sec)

CO2 emission (in g/km) 37.927 188.856
Fuel consumption (in 2.71 5.89
L/100km)

Total cost (one year of 29544 28899
operation) (in USD)

Powertrain cost + baseline | 28571 26057
in (USD)

By comparing the two architectures, we remark that with a plug-in HEV
we obtain more fuel economy, thus less CO2 emission, but this type of
vehicles have more expensive powertrain cost than the Full HEV where
we have more fuel consumption and then more CO2 emissions, by

consequence higher operation cost. As result, the plug-in HEVs are more

efficient in reducing the emissions.
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Conclusion and further work

In this thesis, we developed parallel P2 Full and Plug-in HEV models based
on the Fiat Ducato platform. Using the SERCA algorithm, a rapid near
optimal solution for the HEV off-line control, and the 0-100km/h
acceleration time test, we were able to determine optimized sizes for ICE,
electric motor, battery and transmission that enhance the fuel economy
capability and reduce the CO2 emissions and the total cost. Therefore, ICE
power scale, hybridization factor, battery capacity, total ratio, final drive
ratio, ratio between EM and transmission and the number of gears were
considered as our design parameter. A brute force method, which aims at
varying two parameters and fixing the others, is firstly used to explore the
design space and to see how sizing affected fuel consumption and vehicle
performance starting from predefined driving missions including the
NREL Baltimore and the WLTP drive cycles. Then, the Particle Swarm
Optimization (PSO) algorithm was employed as an optimization algorithm
for our case study.

From this research we can conclude that the rate of fuel consumption is
related to the selected driving cycle, because each driving cycle has
characteristics that differ from each other.

We can also come to a conclusion that, the three parameters whish have
the main effect on the reduction of the 0-100km/h acceleration time and
the fuel consumption are the parameters related to the power components
which are the ICE power scale, the hybridization factor and the ratio
between EM and transmission, while the other parameters don’t have that
main impact. And the change of the other parameters while fixing these
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three parameters cannot ensure a 0-100 km/h acceleration time less than
9.7sec and are considered as infeasible candidates in the research.

By decreasing the ICE power scale, the fuel consumption decreases, but
the hybridization factor should be increased to guarantee a 0-100km/h
acceleration time less than 9.7 sec. Hence, the two parameters most be
handled to ensure a trade off between fuel economy and performance. The
increase of the battery capacity leads to the increase of the 0-100km/h
acceleration time, but it increases the distance driven in the EV mode,
which limits the ICE activation and by consequence minimizes the fuel
consumption. Also, it cannot be increased a lot due to the limitations on
the vehicle mass and then vehicle performance. By taking the highest ratio
between EM and transmission we obtained the lowest CO2 emission in the
two HEV powertrains.

The identification of the optimal powertrain component sizing will lead to
a high reduction in fuel consumption and therefore the CO2 emission. And
by comparing the two HEV powertrains, we can see that the plug-in HEV
ensures a significant reduction in the CO2 emission, but it has an expensive
powertrain cost in comparison to the full HEV where the CO2 emission is
higher. What makes the plug-in HEV efficient powertrains to comply with
the worldwide tightening CO2 emission regulations.

Further work could be by considering an exploration based on varying
more than 2 parameters at the time and evaluating other performance
requirements and drive cycles. In addition, we can simulate the delivery
van in more realistic way, by using a variable payload mass related to the

drive cycle used.
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