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* Non-renewable fossile fuels €=># of vehicles increases!! + oil peak 2006
« Significant contribution to global warmingf!

[1] EEA. Car Ownership rates projections, 2010. hitp://www.eea.europa.eu/data-and-maps/figures/car-ownership-rates-projections.

[2] The Oil Drum. Oil production in the 21st century and peak oil, 2012. hitp://oilprice.com/Energy/Cruide-Oil/Oil-Production-in-the-21st-Centry-and-Peak-
Oil.html.

[3B]EEA. Total greenhouse gas emissions by sector in eu-27,2007,www.eea.europa.eu
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Introduction

QSO|U'[IOHS§]

Technical solutions Vehicle utilization

Increase component
efficiency [4]

Vehicle routing,
infrastructure, trafic
management, car
sharing [6]

New, more efficient
and fuel flexible drive . “ 28 \/ehicle maintenance

Eco-driving

[4] IPPC. Climate change 2007: Working group ii: Mitigation of climate change; 5.3.1.2. Improving drive train efficiency. http://www.ipc.ch.
[5] IEA. Eight countries join IEA electric vehicle initiative, 2010. evworld.com.

[6] Lino Figueiredo, Isabel Jesus, J.A. Tenreiro Machado, Jose Rui Ferreira, J.L. Martins de Carvalho. Towards the development of
intelligent transportation systems. IEEE Intelligent Transportation Systems Conference Proceedings, August 2001
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Introduction

What Is eco-driving?

Fuel: 31.69
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Introduction

How to implement eco-driving?

1. Determine optimal vehicle operation
* Rule based (sub-optimal)
> Intuition (tire pressure, anticipate, weight)l’]
> Experiencel®!
« Mathematical optimization with vehicle modell°H12]
Numerous studies exist varying in:
» Optimized mission

> Vehicle model g
» Optimization method
2. Apply the optimal operation to vehicle PhD
« Autonomous (driverless) vehicle (Google, Nissan)izsl | THESES
° EQQ-d[lMng classes (short-term)4 a
...... e lAan m\r'l';'l [16]

Ay ' o P P
[9] A B SchwarzkoprFi B'_telme( C!'orﬁrg ?hgﬁvlvaylv‘é)hllcles%r mlnlrhlv#dellgon Iquanl)tﬁ(‘)ﬂ !'/g \ élyll'{g terraln 'I]ransportatlon
Research, TT(4):279-286, AUQUST 1977

[19] SS[bieg‘él(IBﬁrn% RuRpseedarﬁs&@Rﬁeo@ﬂamaumqw aommbwﬁméueéﬁde@mm “éran@mftamossgme 17(2):146-167, 1983.

111 e@@ |@épmmchelegtmao;kﬁ\u@m rog@ information. Oil
[BEMassigoiaris @cdhaer ZopmutiehiiyaidekiaR) iRipportdonl. Transportation Research Part C, 9(4):279-296,2001.

SAiCEs 8 el opniIobe sttciei Design, 229-2561995
[IBNEV@mmﬂm@]@mmmmmmsmmmmtmm v-n shene
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Introduction

State of the art:

Velocity trajectory optimization:

On one specific vehicle (drive train)!171-19]

For a specific situation (driving over hills,...)1°1[20]

|deal, theoretical studies

Cost == Fuel consumption (only one study on eco-driving & emissions!?t])

ADAS systems:

« Several reportive systems =» trip and/or vehicle information BUT
information given after trip (221123l

e Advisory (real-time) systems = mostly use simple algorithm, rule-based
optimization (sub-optimal)24-26l

[22] Fiat _Fiat EcoDrive April 2012 _http:/imww fiat co uk/ecodrive/

[23] A. Bniameesta) LSBgerelay\alvaih Haalertar ukHSiAal élageciminy of & duatezfheekitie pBroeestdingnof 2)Y S$yRe02008.

[28] Masoh& eale 0leB VasgerAAarSetygre rise Mefioanioy dupp ptiniad ke Teamns preataEenies eaicybFidre @ c8{d 2ic8296ing0@Lite information. Oil
2] R &S . SaenbddaddFT &rakeldgy TeB(hE 183AL B3rr20,LM.S. Young, T. Felstend, M. Fowkes. Foot-LITE: using on-board driver feedback
By&teimblonkeacolrRyessate, Fe ddidgdsl Optiefhtwontdoivin gutivenebde & IFDE flokdjeco B, Toanspddatidwal Suiivecand HR)eryesH1BEhaoedr and
Roimpléx Sysieass|2ADA .fuel-optimal velocity control of a motor vehicle. International Journal of Vehicle Design, 229-256, 1995.

[26] Niskarengson,rEleGsssafsaon|dvir stedep &tk beiprgreduta haet ob esondpitiory, @Dednibtiorsvnwooesding Transportation and Air
BlhalarodZENSNEVESIA6QR06&ry/080804-02-€.html
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Introduction

Focus of this thesis:

1. Potential gains of eco-driving:
|dentification of vehicle specific optimal operation
for various vehicle architectures (CV,EV, HEV)

2. Limitations of eco-driving due to constraints:
Traffic and emissions

3. Integration of numerical optimization algorithm in the

development of an effective advanced driver assist
system (ADAS) for eco-driving

7156



Outline

System
modeling

- Introduction

& G System modeling

Opﬁmfi%“(péws dlrect modeling
aTRYalT

Dptimizatio

e At ', C %9 Halzation Method
‘Resultsﬁ \ D10 Qr yroblem ,

Analysis pIgytey (ADAS)

o108k ey " M LSS
3 ,o,_ . 1
i ?WIBAS system
‘Constralnt\ Co EES%@LH’EH y
integratio glhbcHe operation

Ecologic (eco2) vehicle operation

Conclusion -




System Modeling

System modeling
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SN =

System
modeling

S

~._~

<~ ~

~ -

driver input:
accelerator
brake
(clutch, gear)
auxiliaries

component
operation
energy
consumption

no driver

Inverse versus direct modeling

direct model

D Trasn

)

4

- rivin E||H"_1Hih
|_|/
inverse model
Diriva Train o t Tt Cha
= A

-——

w» Nypothesis on inputsJ

vehicle velocity
vehicle acceleration

vehicle velocity
vehicle acceleration

Inverse modeling:
=>» eliminate driver BUT make hypothesis on some inputs
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Introduction . .
E The vehicle chassis

System
modeling Vehicle inertia:

% - Joeh = Myen RE,, + 2 Jsire

Dptimizatior

JvenWwheel = Tarive — FresRtire

L \ driver input .
Froll = Cr vehgCoS InverS|On Fros = Frou + Faero + Fgrade
Results/ ,

Analysis Faero ]

Constraint F
integration

Tdr ive —

)
-g
Q
Q
9]
|
=
<
9]
=
~i
)
|
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IIntrod uction

SN =

System
modeling

S ol
~ =

The vehicle drive train

Dptimizatior

160

140} -

F=9
=

~ ~
ADAS 20

12|:| .

Results/
Analysis €1{=D
Constraint||] = o

=
integration(|l £ eo

£

=2

z

gears !!

For the same power
output less fuel is
used for in higher

ﬂ Engine operatlon

== for gears 2-5 at

E gQexar

[ [
- - i’

Maximum torgque

~~yEco- drlver always chooses most efficient gear

_ - = - .| Constant Fower
................. I TR LR T e T
1000 2000 000 4000 5000 G000

engine spead [rpm)]

Conclusion




The vehicle drive train

System
modeling

e S

=~

Dptimizatior]
Results/
Analysis
Constraint E
integration %

I_

=Bl - ._.i_._._. R LR

i i i i i i

0 1000 2000 3000 4000 2000 6000 7000
EM speed [rpm]

Conclusion




‘Introd uction

System
modeling

3 @

=~

Dptimizatior

Results/
Analysis

Constraint
integration

The vehicle drive train

Planetary
Gear

drive

rinput

Drive Train

ECU

Tdrive

Chassis

* Multiple power sources
« Modeling of energy managementl?’]

[27] E. Vinot, J. Scordia, R. Trigui, B. Jeanneret, F. Badin. Model
simulation, validation and case study of the 2004 THS of Toyota
Prius. International Journal of Vehicle Systems Modelling and
Testing, 3(3): 139-167, 2008

Conclusion
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@ System Modeling - Conclusion

System
* Inverse vehicle model
% ﬂ « Conventional vehicle (Peugeot 308)
. . . o | ear FD fuel f( ’ )
Dptimizatior i) e = \|
E2 || 2
Results/ o Ppore = f(v, @)
Analysis ||
Constraint
integration
- Myt = f(v,a,50C)

« Direct dynamic vehicle simulation (VEHLIB)

Gesired e enicle speed roa grade
spee -—‘ wind
[ Train || Vehicle

Conclusion 15/56




Optimization

Results/ Analysis

Constraint integration

Optimization
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ptimizatior

Results/
Analysis

Constraint
integration

<~ ~

~ -

Problem definition

Vehicle mission

speed [km/h]

G600

60 T T T T T
i s
S0 '] f"‘ I‘_*‘l.,_l. '. i l" —
" 11II A | " ) vl
40 R l' | e 1 " A i
\ i 1) | i i 1 II i i
! TR i it I 1
30 P\ by il ' 1 1 i : ! \ -
P LI | 1 1!
' I ndl LI i 5
| L] I I 1 ! 1 i i
10 [ | :’ i I Y : " ln' i 1 ! T
0 n ; 1, 1 ! I L1 1 h '
] 100 200 300 400 500
fime

= Find optimal velocity trajectory which
covers same distance,
in similar time,
while respecting the same speed limitations and stops

and
results in the lowest possible energy consumption
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Introduction tn a1 i
E Problem definition

System
modeling

Equation of motion:
2 state variables (d,v)

=1 41+ [

1
_aiAtz

di+1 - di + viAt + 2

Viy1 = Uy -+ aiAt

Results/
Analysis

F:anstra_int I, = f Yveh (t)dt ~ m”‘ (t - tD
t

integration
f(v,a)
% szzl[ ) - ﬂlfuel (t > t1+1)&t

a F:'EE;}IC( ) — Pbattt (tz_ = tg'_|_1)&tz'

PR (1) = sy, (tie > tis1) Al — aASOC(AL)

Cost function

Conclusion 18/56




Problem definition

Introduction

System
modeling

e Trip constraints
Cd0)=dy  d(t;) =d;)
v(0) = wg v(ty) = vy

'-{" H'"T'#E.
e So

ptimizatior] \_ tp=1 y
- LTS . &0 ' ' ' ' "o
|l = _Road constraints _o . Cm s e
Resuts LA B AT D
Analysis A & A T TP B R TR T
. 0 ' ' ey a- u ! ; T
Constraint 1 r N vy m 1
integratinn e Other constraints \ T w l 200 t_3t|]1] w00 I 500 \_/ smo
1 ime = = = yehicle spee
> Traﬁlc a0 _spZa:ll Iimp: ’
> Emissions 1\
> g
;40—
@
§zn
n\ 1 1 1 L 1 | 1 1
0 500 1000 1500 2000 2500 3000 350
distance [m]

Conclusion
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ptimizatior

. -

Results/
Analysis

Constraint
integration

<~ ~

Dynamic Programming Optimization

Heuristic methods
(ex: genetic algorithm)[2°]
* Global optimal is not always identified
« Dependent on initialization parameter =»local minimum

Deterministic methods Literature review
« Pontryagin’s maximum principlet3
« A

Used for problems with simple constraints
C C raouailit IIILCgIClLIUII IS TIULU UI'1ivial

e Bellman principle (ex: Dynamic Programming (DP))[31132]
« Computational effort grows with dimensions
* C uUsed when discreet problem with complex constraints

Our problem: complex constraints, varying cost function (conventional,
electric hybrid)

~ -

T4(5)455-470, ZUU4Z.
[30] E. Hellstroem, J. Aslund, L. Nielsen. Horizon | ents for fuel-optimal look-ahead control.

Proceedings 6th IFAC Symposium on AW
[311.1.N__Hooker Ontimal drivina for sinale-vehicle fuel eca \/_Transnartation Research A _183-201_1988

Dynamic Programming Optimization Method
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IIntrod uction

T Application of DP to our problem

System
modeling Equations of motion Constraints
d?;_|_1 = di + ’Ug'&f -+ lﬂi.&fg (1”(]} — "'j{l d”_.l",:' — "'jf
== §==| 2 P . ! .
v(0) = v v(ty) = vy

Viy1 = v; + a; At

St 2 state variables v(d;) < Vymaz(d;)
ptimizatior s N

Objective
n @

[y = / Yoer(d)dt + BAH() & Y Yuen, (ti— > tis1) Atif+ BAY; fthree

&

Results/ ¥ i=1 1 v,t)
Analysis AR | e .

: P b Constraints in two
Constraint 0 ' dimensions (d,v)
integration O v

I C o DPin3 bensions
ADAS Mt ~

DP in 2 dimensions
with weighting factor

A : : : : .
MBNMQB&@'@MQHQM?@)Q‘&E@@G&|cIe fuel economy. Transportation Research A, 183-201, 1988.

[38] E. Mensing, R. BitpauE. Ridaigui, Befesanejectorgieptani2pionitatiaspliyaeer tiiEog-cdrnirexnEREenERiyle

i PeifiedertiPrsptipomebatkrétice, Yepiembysteams Modelling and Testing, accepted for publication
Conclusion 51756




Introduction

System
modeling

i "":‘ - T
g SO

ptimizatior

: ‘.Ih”"-

Results/
Analysis

Constraint
integration

Application of DP to our problem

Mission
d(0) = d, d(ty) =dg
v(0) = wg v(ty) = vy

v(d;)
|
gr

ymaz (i) Weighting
T | factor

(d;) B

. X[N-rq i1l

velocity

SIN-1,->M,if)

. 7

d=N"deltajd)

X .
distance

DP 2D Optimization

Ly & Y Yuen, (ti— > tis1) At; + BAL,

i=1

BN

How to identify B?

1. Chosen by driver
Time constraint!!

2. Look-up table
p= f(Tfr dtrav)

Optimal trajectory with
some final time T;

Conclusion

‘ Ty = f(mission, 3)
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IIntrod uction

~ _~

System
modeling

T
= 5

ptimizatior

&

Results/
Analysis

Constraint
integration

~ ~
ADAS

Application of DP to our problem

Mission
d(0) = d, d(ty) =dg
v(0) = wg v(ty) = vy
' v(d;) < vmaz(di) |
L =T !
| grade (d;) !

B — update
Root-finding
methods!38l

ferror = Tf - t_dfﬁ

Weighting
factor

B

—

< =

DP 2D Optimization

S

. KLN-kJ i1l

velocity

©

©
O
©

KIN-ki+1 2

Xp-1,0]

SIN-1,->M,if)
S/

d=N"delta(d)

X! —
distance

~ Z Tveh, (fr'_ > iyt }&t: + S-ﬁt:

i=1

How to identify B?

1. Chosen by driver

Time constraint!!

Look-up table

p= f(Tf» dtrav)

Nested Solution
with root-finding

methods

Soluti

on:

Optimal
trajectory

‘ T = f(mission, 3)

[38] R.P. Brent. An algorithm with guaranteed convergence for finding a zero of a function. The Computer Journal,
14(4):422-425.1971.

Conclusion
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IIntrod uction

= Optimization - Conclusion
System

modeling Dynamic Programming Optimization

| « 3dimensions
~ | Vehicle mission * 2dimension | |
« With weighting factor (time constraint)
p_timizatinr - 22 I | | | | -tl 3D DF’I result
Constraints 2} —O— 2D DP results

Results/ -
Analyss ||l [ optimization |
Constraint

integration ‘

s
o
I

-
o
I

1.2

fuel consumption (normalized)
—_—
Y

Optimal vehicle
. 1F -
operation B <0
o ~250sec - B =0 ol
| ~]1-2sec
0.8 1 1.2 1.4 1.6 1.8 2 2.2

trip time (normalized)

CDnclusiDﬂ‘ 24/56




Results/ Analysis

Optimization

H &
{’-" .".1'| T
a0

- '’ e R~ _‘.‘.l
5 e 3 o W
", ;
. % o h
1I.| . \:\ ! AW ekl
I = ] 1Y - -
r % = =" dnica d

Results/ Analysis

Constraint integration
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Potential gains of eco-driving

Dptimization

Results/
Analysis

Constraint
integration

Cycle max speed stop frequency distance time
NEDC 120km/h 1.1 per km 11km  887sec
Urban 58km/h 11 narlm 3.5km  560sec
Extra-urban 1031 Conventional vehicle 11 okm 754sec
Freeway (38 138km/h N1 nar kkm 46.2km 1741sec

< ~

~ -

150
— == QOriginal cycle
= .
T 100} = Ecocycle Constraints
X ’
ERMTANTANLYAWTE
] 1
2 Gnn PUAYATYLYRPYAVA .
w 0 200 400 600 800 1000
time [sec]
(5]
s S ST a x I [rels =ggs
E 4 o © 00 00 | O O 4+ - + -
I Sdhg b pdbigrpdbiggdheg g I Optimization
2 -3 1039 4 G 9 CEEE + 1
¢+ 49 & B 3 GBEF G- OoF
. -
0 200 400 . 600 00 1000 1200
time [sec]

[38] Michel Andre. Artemis european driving cycles for measuring car pollutant emissions. Science of the Total
Environment, 73-84. 2004.
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System
modeling

»T s TEE

~ _~

Dptimization

TR
N >
.

PR [ —
- L e

Results/
Analysis

Constraint
integration

Conclusiun‘

Potential gains of eco-driving

Experimental validation (HIL)

=g Venicle [39]

==e%ee simulation
__nat.-. Aquisition [40] once L :‘;i'ﬂ';mm
¢ ] ICE
_’ Injectionflo tmncu -
Testbed Regulation  Torque and 5|eed measurement — Gear —
Injedicni:lemand l H ar d ware. Box
: Ilitch
Speed/Load EPG engine ¢
demand
[41]
EM simulates load on engine Y Teng, Weng
Fuel Fuel

consumption

~
L 4

consumption

[39] R. Trigui, B. Jeanneret, B. Malaquin, C. Plasse. Performance comparison fo three storage systems for mild-

HEVs using PHIL simulation. IEEE Transactions on Vehicular Technology, 3959-3969, 2009.
[40] Dspace MicroAutoBox hitp://www.dspace.com/de/gmb/home/products/hw/micautob.cfm

[41] AVL. https://lwww.avl.com
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IIntrod uction

.~

System
modeling

~ _~

Potential gains of eco-driving

urban and extra-
urban area

drive cycle

original [L/100km)|

eco |L/100km|

reduction |%]

Dptimization

Results/
Analysis

Constraint
integration

NEDC 6.7 D.0 17.9
HYZURDB 9.76 .11 27.2 %
HYZROUT .22 n.41 25.1 ¥
HYZAUTO (.92 6.57 .9

Conclusion

Significant reductions in fuel

consumption

HOW?7?7?

Highway/ freeway
driving
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Optimal vehicle operation

Dptimization

Constraint
integration

speed [km/h]

150
== (Criginal cycle
100k| ™ Ecocycle i
r
50 =
: i
] 1 Iy ougr
Q i
0 200 400 00 800 1000 1200

5
time [sec]

NEDC
Potential gain:

18%

< ~

~ -

6
T A T AW T A T I I
o 4 © o oo o0 0 © 3 ]
b 00 GEO0 GEOO CGEROO OEROF +
2 a4 40 BG40 CERGE B CESE B4 + -
¢ @ & BF F B F OF
y L N
0 200 400 600 800 1000 1200
time [sec]
160
L E
. oT1) S N
1. Component operation | w| ..
: - B0
=
Z 60—
8 sl
=4
S 20p-
0
20

40

-60

Eff@dedauohanges

minimal

________

— ecocycle

] = originalcycle |

1
1500

i i i T T
2500 3000 3500 4000 4500

speed [rpm]

i
2000

5000
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== Optimal vehicle operation

800
700 Hl standard cycle
= 600 Bl eco cycle
> " LOST!
~_~ 5 :
- - - I-I:J jﬂ-u NI T
Dptimization 2000
100
- : i T o
resistance forces pos acceleration riction brake
= oy E t f E lerat E frict brak
‘ esuits \
Analvsis original cycle eco cycle
‘Constra}nt M| i
integration E 2
{ } 2200 &
w .1
S1s0f =
® ®
Emn E
& &
o 50} @
£ E
Eo = e Sl 1
{/L' o 5 1 15 o 25 2008

speed [m/s]
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System
modeling

]
e {1 L

~ _~

Dptimization

Results/
Analysis

Constraint
integration

< ~

ADAS

Conclusion

Optimal vehicle operation

Conventional vehicle: | Electric vehicle: Hybrid vehicle:
11. Transmission: | °_0
I " Next section:emissions njuence No influence
I D e g :

efficiency
- _ar ar JEr S T T S S A A = s mm mm = = — e o o e e e o= =
12. Ve'romty I
I Low constant speed Low constant speed ™) Low constant speed l
| > ]fgfcl;cse resistance Factors dependent on |
I (aerodynamic drag) *Chassis I
13. Acceleration *Performance of components |
| High, short acceleration High, short acceleration High, short acceleration I
I = save time, rapidly => save time, rapidly = save time, rapidly |
i approach cruising speed approach cruising speed approach cruising speed |
L (time constraint!!) (time constraint!!) (time constraint!!) i
14. Deceleration I
I 2 p_h"?‘se? o] FACtOrs dependent on |

cruising (engine breaking)] x~.: : : : I
I hard breaking (friction Drive train< optimal energy regeneration
| break) (friction break) break) |




Constraint Integration

Optimization

| W BTy
r T Ll - W
- F = | ."
i N X
I 5 & b = -
y ’ 1 i r—

Results/ Analysis

Constraint integration

e Emissions
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speed [km/h]

Is eco-driving environmentally

Eco-driving

friendly?

Economic advantages

Ecologic advantages
(energy+pollutant emissions)

[41]

R (=]

== QOriginal cycle I

|
|
1 | (energy, fuel (=COQO.,))
|
|

== Ecocycle
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uu.

Time [s]

© ' ting factorehission cost
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Constraints
vl"{}
Optimization
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[42] H. Johansson, P. Gustafsson, M. Henke, M. Rosengren. Impact of eco driving on emissions. Proceedings of 12th
Symposium Transportation and Air Pollution, June 2013
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T Experimentation

== QOriginal cycle Data Aguisiti . .
- T T T T guisition
= Eco cycle f DSPACE = VEHIL
= N ] (MatabSimuling) ||
-“-E-' 40F 1 i 4 vy ¢ L |
= .l LIRS i _ Injectionfload torgque demand J
T .l ; Testbed Regulationl - Torque and speed measurement
] i | |
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L 1 L
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! U . ‘ I Injection demand ¢
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’ : Speed/Load Exhaust Ga
time [sec] demand Exnaust Sas,
= > [
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- =7 | |
- s ;-[E | | I |
time [sec] .
Results/ Measurement: % ﬂ' e —
Analysis co, l W
‘Constrain:l (I—:Ig Euro I
integratio i
j } NOXx Y €

Perfect combustion:
Fuel + oxygen = energy + water vapor + carbon dioxide (CO,)

Real combustion:
Fuel + air = energy + water vapor + carbon dioxide (CO,)
+ hydrocarbon (HC) + carbon monoxide (CO) + nitrogen oxides (NO,) ...

{ /L' [43] HORIBA

‘ [44] U.S. Environmental Protection Agency. Automobile emissions: An overview. EPA 400-f-92-007, 1994
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Introduction

Economic vehicle operation

System
modeling HC [ppmC] Eco cycle
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Introduction

Ecologic (eco2) vehicle operation

System
modeling CO [ppm] HC [ppmC]
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Ecologic (eco2) vehicle operation

== Criginal cycle
== Ecocycle
Eco? cycle

By P g ————
SE
Vi "—P
N
i |

== Original cycle
== Ecocycle

——rreTTE

HC

3|:IJCI ﬂﬁli'ﬂ 300 E‘iI:IU CD
time [sec]
Emission in g/'km | CO2 || CO | NOx || HC ffuel consumption |1/ 100km]
Original Cycle | 206.96{| 2.06 | 0.0055]] 0.068 9.0
Eco Cycle 140.96)| 5.78 | 0.0046{| 0.12 6.5
Eco® Cycle 151.51)] 2.18 | 0.0025{| 0.063 6.7
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Is eco-driving environmentally

S = friendly?
. s « Eco-driving can be economic and ecologic:
Dptimization =»Emissions need to be taken into account
Results/  Vehicle operation =» optimal energy consumption
Analysis
Constraint « Component operation/ transmission
integratio = reduce emissions

< ~

~ -
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Advanced Driver Assist System (ADAS)
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Introduction

T Development of ADAS system

System
modeling Vehicle speed, distance, gear, engine speed, engine
torque
o’ = + preceding vehicle speed, preceding vehicle distance

{} Advanced driver assist system for eco driving
Dptimizatior @

. vehicle parameters

ADAS algorlthm environment narameters
> egrent i

Results/

Analysis driver variable

Constraint \

Integration
GPS or road mapping:
7 Segment information (road number, distance on road) =

continuous

3 Optimization algorithms: educations
« Continuous gear optimization
* Pre-segment optimization

. Post-segment optimization j

vehicle position

Driver’s trade-off time vs energy
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Development of ADAS system

- Algorithm

Dptimizatior

Results/
Analysis

Constraint

Integration

Road number =x, Road number =x, Road number =x,
d roadQ? d roadf d roadO: d roadf d roado: d roadf
Vmax(droad) Vm (droad) VIIIC,L (droad)
Vdes(droadf) Road number =y¥de ;(droadf) Road number :Z?des(droadf)

ON SEGMENT nNoTon ON SEGMENT NOT ~ ON SEGMENT

‘SEGMEwd

=N PR

Gear optimization

Pre-segment optimization

Pre-segment optimization
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Post-segment optimization
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Development of ADAS system
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| educational
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Development of ADAS system
- HMI

Continuous display
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Results
System
modeling
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Constraint = 2’0
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Inverse model of three vehicles
(conventional, electric and hybrid)

Dynamic programming optimization =» energy
optimal vehicle operation for given mission
(3D = 2D + weighting factor)

Analysis/ Comparison of optimal vehicle
operation

Eco-driving with constraints
Traffic and emissions

Integration of algorithms in ADAS
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System Modeling — Chassis/Aero
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System Modeling- Conventional Vehicle

The conventional vehicle (inverse)

Weng 'ma-I(Weng—idIEtu Wipheel
1. Dynamics of drive shaft not considered
d.'lveeng \/
nw ?w ('E':
ICE Tdrn [ E (i _rj:.'ear
4 Inversion tclie
.... ‘ gz:r - FD _ fl1 T Th . 1¢ nneitive
v g ko) | Pue, oo
Clutch eng rive RFD RG ('igear) Weng eng“eng
. ENgine ynari ke
Englne Jengd-"eng — Teng — Tdrivemg @
t~Joperation
Hypotheses:
* Instantaneous gear engagement | Tous = ful
« No losses in clutch unles eIoV\’i0”e/> erg
» Constant auxiliary powdy (P,,,=300W)




System Modeling- Conventional Vehicle

The conventional vehicle (inverse)

Engine operation :> Fuel consumption (== energy consumption)

%' oo T I For the same
I N

| S—— output less fuel is

ICE

Ten g Weng

power 3

Assumption: eco-driver always chooses d for in higher
optimal (most efficient) gear s

Box |29\ i i g —
ClL mfuel — gﬂinTilfuei(-Teng(igear)aweng('igear)) nt power line p— Maxlmumturque -------

engine speed [rpm)

Energy consumptlon as a function of vehicle speed and acceleration

1 6L gasollne engine
max : 160NmM(4250rpm)
Phax: 88kKW(6000rpm)

Engine map: Instantaneous fuel consumption in g/kWh




System Modeling — Electric vehicle

Electric vehicle (inverse)

Converter

AIXAM Mega City - | ST
M=750kg

CC EM: Tmax=60Nm
Pmax=14kW (3000rpm) E— >Q FD
Lead acid battery (Capacity=76Ah) —

WEM = ':‘-theeERFD

.Tdrivefﬂ.; — .Twheei
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D
Rpp

—1 if Ty.ive 15 Negative
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. Mrp -
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System Modeling- Electric vehicle

Electric vehicle (inverse)

(=1}
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System Modeling- Hybrid Vehicle

Hybrid Vehicle (inverse) - general

Conv

Series

S@FD | et Parallel
Clutch

Power split
(Toyota Prius)

Planetary
Gear




System Modeling- Hybrid Vehicle

Hybrid Vehicle (inverse) - Prius

Conv2

Toyota Prius Il
M=1360kg
Permanent magnet synchronous AC motors

NiMH battery ( 1.3kWh) 'oo..' i

1.5L gasoline engine (Atkinson cycle)

>N

Conv1

ICE EM2
Planetary
Wring = WEM1 = Wwheel RFD Gear
?}'w SUN{30 teeth)
FD
Tring — (Tdrﬁre - Tbrakemech)— - TE.-'LI 1
Rrp

RING(78 teeth)
Wsun = Rg';dring + (1 — Rg)wplanet

.I.rsun - _#T ! .Tr

planet — ing PLANET(23 teeth)

Static modeling of planetary




System Modeling- Hybrid vehicle

Hybrid Vehicle (inverse)
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System Modeling- Hybrid vehicle

Hybrid Vehicle (inverse) — Control Strategy

Optimization of vehicle operation # Control strategy

Hybrid mode VS Electric mode
SOC < SC)Cminhyb1 V>Vvehmaxe|ec
« BMS computes Pdembatt  EML1 provides output power

 Power losses are estimated Ploss
» Total power req from engine is calculated
« Engine speed, torque chosen for max efficiency

Bt = f(v, ﬂ} + SOC

Tyate /3600 At




Optimization

Dynamic Programming Optimization Method
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Optimization

Root finding methods

arror function
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Optimization

Multi-objective optimization:

dy

Vo1 = Z Yveh, (.df:]

i=dg

dj
Los = > Aty(d;)

i=dp

Pareto optimal:

On front if p satisfies J,(p) < J,.(i) for all points i and at least
one objective n

Q not on front if there extist a p s.th. Ja(r) < Ju(¢) For all n



Optimization

Multi-objective optimization (Dynamic Programming):

A
g P ;
g . / '
o distance (@@
[d(0).v(0)] Pareto Optimal Set/ [d(T)v(T)] :
truncation
Optimal trajectory to destination | 2
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Optimization

Multi-objective optimization (Dynamic Programming):

Pareto optimal front

24 T
fruncation at 10pts
truncation at 30pts
221 ’ +  3DDP fixed TF
+

201
= 18}
g
ﬁ 16}

L
141
+
12 ¢
+
1D 1 1 1 1 1 1
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J2-time [sec]
Optimization method At | Ad]|Av | trune pts | computation trajectories
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3D Fixed time method 2 1 1 - 240-280) 1
2D Flexible time method - 5 2 10 155 10)
2D Flexible time method - 5 2 30 241 30




Optimization

Divergence from optimal trajectory:

velocity (v)

.

[d(0).v(0)]

distance (d).[d (T) V(T

_______Optimal fuel consumption + psybopt percent

Set of trajectory to destination

T ""6.;;t.I- 'I'fﬁ't_;lucft')nsumptiun

speed [m/s)]

optimal solution
— suboptimal solution

1 1 1
0 5 10 15 20 25 30
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Results Electric

Consumption in Wh

cvele original cvele | eco evele | gain

AINAMI 372, 705.56 | 19.3%

¥
AIXAM?2 804 85.56 1.5%

S0

1 Ventilatian:
F I STl I z S 91 ¢ 4 T3 / Ven':ilalcln adapted fo vehicle spead
_j.LI._'\_j_L_.IIH I_ g?. 3&!’.’.-:’.’. ‘_':. l&- &E’} J_ ‘-_:. . J_ I_l"’l_ i ﬁ, Maximum air speed 130km/h

AIXAMA4 12778 86,11 9.4%

|

Chassis dynamometer CLEMESSY
Maximum torque 3000Nm
Maximum pawer 132kW
Maximum speed 200kmin

emargency brake
speed Measurement 1500Nm brake lorque)
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Results Electric

COIMPONnents

original  cycle

tor/generator phase)

(110-

cco cvele (motor/ gen-
erator phase)

Final Drive

94
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Energy [Whikm]
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Planetary
Gear

Results Hybrid




Results Hybrid

Optimization forward:

V1) =t (li— > tis1) At — aASOC (At;)

e Initialize optimal costs at ky = 2: J[’;ﬂ._] = J1ig—>2.1]

e Increment &y and find the optimal cost at each state by comparing

Ty io] = M (S 11— key o] + I, _15,) While storing the optimal indices

e Compute the optimal trajectory by retracing the stored indices




Hybrid Vehicle Consumption

fuel

Fuel
consumption

Results Hybrid

for the same battery use
more fuel consumed

~ | cycle evaluation

for the same battery use
less fuel consumed

>
ASOC



Results Hybrid

Results for different battery weighting
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Results Hybrid

Results for different battery weighting (gain ~20%)

fuel consumption [g]
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Results Hybrid

Results for different battery weighting

80 I I
orginal cycle
= = =gco cycle =0
1| eco cycle «=3 . Y A _
— cco cycle a=6 "_.

o)
[=]
I
-
|

h
=]
I
-
|
!
1
1
1
1
iy
|
-
|

speed [km/h]
5
[
SSally

I
=-ﬁ..___
|

o
[=]
I
2
'_.._——-'-
|

=

[=]
I
|

=]

=
=

100 150
time [s]



components original cycle (motor/gener- | eco cycle (motor/generator d

ator phase) phase)

Final Drive [%] | 97 97
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Traffic study

Vehicle following situation

test vehicle x test vehicle y
VX vy
Lo ] ]
@ o O
dx)__ dy




Traffic study

Optimization input
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Safety factor:

safe braking distance
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Traffic study
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Dynamic gear choice

Emission study

Vveh=
[0.....Vmax]

dyeh™
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calculate vehicle
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Emission study

Dynamic gear choice

first gear second gear
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