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Repetition — Work, power and Newton's law

Translational system — Force, work and power:

W:/Fdx7 P:iW:Fv
. dt

Rotating system — Torque (T = F r), work and power:
w :/ Tdd, P=Tuw

Newton's second law:

Translational ‘ Rotational

d d
M = Fariv — Fioad | 492 = Tariv — Tioad

Outline

Repetition

W2M — Energy Paths

Fossil uels
Numbers: CO2-factors

Ol [Nat.Gas | Coal
1 on 13

Refinery, wansportation EU | Diesel
Ppo| PP

Combi | Coal | Hydro | Solar [Nuclear
PP Pp | PP | PP [ PP

0% | 86%

ol | s 476 | 8% | 55% | 356 | 014

Bio —» Metharol
i

94
Gaso
@b '“'D

Electrolysis
6%

Battery, power
electronics 80 %

Fuel cell 35 %

Dicsel 26 Slengine 156
(incl. transmission losses)

Velicle  Eyvgos = 2170°Agc; + 96 comy+ 1L14om,  klleycle (114 km) |

Energy Consumption of a Driving Mission

» Remember the partitioning
—Cut at the wheels.

» How large force is required at the wheels for driving the
vehicle on a mission?

The Vehicle Motion Equation
Newton'’s second law for a vehicle

mv%v(t) = Fe(t) — (Fa(t) + Fr(t) + Fg(t) + Fa(t))

» F; — tractive force

» F, — aerodynamic drag force
» F, — rolling resistance force
> F, — gravitational force

» F4 — disturbance force



Aerodynamic Drag Force — Loss

Aerodynamic drag force depends on:
Frontal area Ay, drag coefficient cy, air density p, and vehicle
velocity v(t)
1
Fo(t) =5 pa Ar-ca: v(t)?

Approximate contributions to F,

> 65% car body.

> 20% wheel housings.

» 10% exterior mirrors, eave gutters, window housings,
antennas, etc.

> 5% engine ventilation.

Gravitational Force

> Gravitational load force
—Not a loss, storage of potential energy

» Up- and down-hill driving produces forces.
Fg = m, g sin(a)

> Flat road assumed a = 0 if nothing else is stated (In the
book).

Vehicle Operating Modes
The Vehicle Motion Equation:

meShul) = Flt) = (Fa0) + Fie) + Fyl0) + Fo()

» F: > 0 traction
» F; <0 braking
» F; =0 coasting

d 1
Ev(t) = 7mpa Af cg V3(t) — g ¢, = ? V3(t) — B2

Coasting solution for v > 0

v(t) = g tan <arctan <% v(0)> —af t)

Driving profiles

Velocity profile, American FTP-75 (1.5*FUDS).
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Driving profiles in general

» First used for pollutant control now also for fuel consumption.

» Important that all use the same cycle when comparing.

» Different cycles have different energy demands.
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Rolling Resistance Losses
Rolling resistance depends on:
load and tire/road conditions
Fo(v, pe,surface, ...) = 6/ (v,pry...) - my - g -cos(a), v >0

002 [28°C].

+P=0.4p,

20°c)

The velocity has small influence at low speeds.
Increases for high speeds where resonance phenomena start.
Assumption in book: ¢, — constant

Fr=c-m,-g

Inertial forces — Reducing the Tractive Force

Engine Gearbox Wheel
T.
Te — J, i(,n) =T, Tor -~y — . iw - T
e eqgtWe = Igb gb o wSww = Tt
Variable substitution: T, =~ T, WY = Wer D

Tractive force:
Fom 2 [(Te= e By) v 0] = 2T = (Fdet ) (o)
The Vehicle Motion Equation:
[me+ 3 e+ 2] () = 2T = (Falt) + File) + Filt) + Fule))

How to check a profile for traction?
The Vehicle Motion Equation:

mv%V(t) Fe(t) = (Fa(t) + Fr(t) + Fe(t) + Fa(2)) (1)

» Traction conditions:
F: > 0 traction, F; < 0 braking, F; = 0 coasting

» Method 1: Compare the profile with the coasting solution
over a time step

Veoast(ti+1) = § tan (arctan <% v(t,-)) —apB(tiy — t,-))
> Method 2: Solve (1) for F;
Fe(t) = mvi\/(t) + (Fa(t) + Fr(t) + Fg(t) + Fa(t))

dt

Numerically differentiate the profile v(t) to get Zv(t).
Compare with Traction condition.

Driving profiles — Another example
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Velocity profile, European MVEG-95 (ECE*4, EUDC)

No coasting in this driving profile.



Mechanical Energy Demand of a Cycle

Only the demand from the cycle

» The mean tractive force during a cycle

1 Xtot 1
T,/o max(F(x), 0) dx — F(t)u(t)dt

Firac =
toi Xtot Jtetrac

where xeor = [o™ v(t)dt.
» Note t € trac in definition.
» Only traction.

» Idling not a demand from the cycle.
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Evaluating the integral
Tractive force from The Vehicle Motion Equation
1
Ftrac = Epa Af cd Vz(t) +m, g ¢+ m,a(t)

Ftrac = Ftrac,a + Ftrac,r + Ftrac,m

Resulting in these sums

_ 11 _
Ftrac,a = T 5 Pa Af Cd Z Vi3 h
tot

i€trac

— 1 _
Ftracyr =—_—mygc § Vih
Xtot

i€trac

- 1 _
Ftrac,m =—_——my g aivih
Xtot

i€trac
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Approximate car data

Emvec.os ~ Arcg1.9-10* + m, ¢, 8.4-10°+ m, 10 kJ/100km

SuUv full-size  compact light-weight PAC-Car Il

Af - cq 12 m? 07m?Z 06m 04 m 25-.07m
o 0.017 0.017  0.017 0.017 0.0008
m, 2000 kg 1500 kg 1000 kg 750 kg 39 kg
Puvecos 11.3kW 7.1kW 50kW 32 kW

Prnax 155 kW 115 kW 77 kW 57 kW

Average and maximum power requirement for the cycle.
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Outline

Energy demand
Energy demand and recuperation
Sensitivity Analysis

Evaluating the integral
Discretized velocity profile used to evaluate

1 / F(t)v(t)dt
Xtot Jtetrac

here vi = v(t;), ti=i-h, i=1,...,n
Approximating the quantites

Firac =

_ Vit vie1
V,'(t) ~ %, te [t,'_l, t,’)
_ Vi — Vi
ai(t) = —~ b =3 tetiit)

Traction approximation

_ 1 o
Firac ~ Xi Z Ftrac,i vih

tot i€trac
Values for cycles
km/h EUDC highway cycle
““m B iy oy (repeat once) ‘
ol [eomtmms| | —
w0 . ’f I
g ||/ \
W e 2R e e e 1
Numerical values for the cycles: {MVEG-95, ECE, EUDC}
. 1
Xiaep=—— Y W h= {319,82.9,455)
Xtot e
Xipaey =— Y Gih= {0.856,0.81,0.88}
1Ot i trac
. 1
Xesem =—— D _ @ivih= {0.101,0.126,0.086}
10 jctrac

Emvec.os = Arcg1.9-10* + m, ¢, 8.4-10° + m, 10 kJ/100km

Tasks in Hand-in assignment
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Energy demand again — Recuperation

> Previously: Considered energy demand from the cycle.
» Now: The cycle can give energy to the vehicle.

km/h EUDC highway cycle

1001 ECE city cycle
=

(repeat 4 times)

m /ﬁ\ﬂ.
n ‘

40 0 100 200 w00 900 1000 1100 1200

Recover the vehicle's kinetic energy during driving.



Perfect recuperation

» Mean required force

> Sum over all points

- 11 N
Fa=— paAfch\‘/,-3h

Xtot 2
tot i—1

_ 1 N
=—m\,gc,2\7,-h

X
tot i—1

ul
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Comparison of numerical values for cycles

» Without recuperation.

< 1
Xirac,a =—— VPh= {319,82.9,455}
Xtot i irac
< 1
Kae,y =— Y Gih= {0.856,0.81,0.88}
ot i trac
- 1
Xeraem =— Y 3iVih= {0.101,0.126,0.086}
Xtot i€trac

» With perfect recuperation

Xa—inﬁh:

Xtot F

X, —in,-h= {1,1,1}

Xtot

(363,100,515}

i
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Sensitivity Analysis

» Cycle energy reqirement (no recuperation)
Emvec.os = Ar cg1.910°+m, ¢,8.410>+m, 10 kJ/100km

» Sensitivity analysis

S i [Emvec-os(p + 6p) — Emvec-os(p)] /Emvec-os(p)
p = lim
5p—0 op/p

S — fim [Emvec-o5(p + 6p) — Emvec-os(p)] p
P sp0 dp Emvec-95(p)

» Vehicle parameters:

> Afcd
> c

> m,
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Vehicle mass and fuel consumption

N I/ 100km -

L
T
300 L MVEG-95
E ¥ =120 km/h Thee =0
- v =80 km/h
MVEG-95
Theo = 1
100 )
‘/// v = 50 km/h
T r
500 1000 m, kg
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Perfect recuperation — Numerical values for cycles

km/h EUDChighway cle
o (repeat once) \
100 ECE city cycle \
0 \\
60 (repeat 4 times) /’L w“
4 \
. / \
20 ﬂ \
40 0 100 200" §00 900 1000 1100 1200
Numerical values for MVEG-95, ECE, EUDC
— 1
X,=—> W h= {363,100, 515}
Xtot
%= Yh ERRY
= vih= It
" Xtot !

i

Emvec.os ~ Arcg2.2-10° + m, ¢, 9.81-102  kJ/100km

Perfect and no recuperation

N A1 /100 km
rec =0

Apc, =07 m? Aprcg =04 m
m, =1500 kg m, =750 kg
¢ =0.012 - ¢, =0.008 -

Mean force represented as liter Diesel / 100 km.

Sensitivity Analysis

S,
S,
05
S, Sy
: . :

0.0

Apeg =07 m? Aprey =0.4 m?

m, =1500 kg m, =730 kg

¢ =0.012 - ¢, =0.008 -

Vehicle mass is the most important parameter.

Realistic Recuperation Devices

Elirec ) Mrec)
Ewvec o

11 .
1,50.0 iy
rec

1,204

Full-size car 50 100 150 200 250 kg Myee



Vehicle Mass and Cycle-Avearged Efficiency Outline

Vehicle Mass
2000 ACEA 2008
(140 gr CO2/km)
1600
1200 EU 2012
| (120 gr CO2/km)
800 |
Forward and Inverse (QSS) Models
0.16 0.20 0.24 0.28

Cycle-Averaged Efficiency

Two Approaches for Powertrain Simulation Dynamic approach

» Dynamic simulation (forward simulation)

‘ Cycle H Driver }9‘ Engine HTransm. H Wheel H Vehicle
1

» Drivers input u propagates to the vehicle and the cycle

—"Normal” system modeling direction
—Requires drK/er model € » Drivers input = ... = Driving force = Losses = Vehicle
Quasi ic simulation (i imulation) velocity = Feedback to driver model
> Quasistatic simulation (inverse simulation
> Available tools (= Standard simulation) can deal with

[ cyete |= vehicte |- Wheel |-= Transm. |-={ Engine | arbitrary powertrain complexity.

—"Reverse” system modeling direction
—Follows driving cycle exactly

> Model causality

Quasistatic approach Outline

» Backward simulation

» Driving cycle = Losses = Driving force = Wheel torque =
Engine (powertrain) torque = ...= Fuel consumtion.

» Available tools are limited with respect to the powertrain

components that they can handle. Considering new tools such

as Modelica opens up new possibilities.

See also: Efficient Drive Cycle Simulation, Anders Froberg

and Lars Nielsen (2008) ...

v

IC Engine Models
Normalized Engine Variables
Engine Efficiency

Causality and Basic Equations Engine Efficiency Maps
Measured engine efficiency map — Used very often

BSFC [gkWh]

High level modeling — Inputs and outputs

» Causalities for Engine Models
Quasistatic Approach Dynamic Approach 4 @
we — we
Pe ~ Pe ~ 2 20
- ICE . — ICE . 25
L. L e 1
50

BMEP [bar]

» Engine efficiency

20,
300

50

> Enthalpy flow of fuel (Power Hie = Pc)

2500 s000 30 4000 4s00 5000
Enging spoed [RPM]

Pc = mf quuy

—What to do when map-data isn't available?
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Engine Geometry Definitions

TDC .,
5 Cylinder, Piston, Connecting rod, Crank
_ shaft
» Bore, B

» Stroke, S =2a

» Number of cylinders z

. 2
> Cylinder swept volume, Vy = =82

. 2
» Engine swept volume, V,; =z #
» Compression ratio r. = —‘é’"?* = VotV
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Normalized Engine Variables

> Mean Piston Speed (S, = mps = cp):
we S

Cm =
™

> Mean Effective Pressure (MEP=pme (N = n, - 2)):

_ Nn T,
pme - Vd

> Used to:
» Compare performance for engines of different size
» Design rules for engine sizing.
At max engine power: ¢y &~ 17 m/s, pme &~ 1e6 Pa (no turbo)
= engine size
> Connection:
P.=z" B2 C
e 16 B Pme cm

Engine Efficiency — Map Representation

Definition of MEP

See whiteboard.

Torque modeling through — Willans Line

» Measurement data: X Pmf y: Pme = BMEP

Torque and fuel connection (\=1)

Engine BMEP [bar]
JFO
o 5 &
T T
b3

)
T

0 5 10 15 20 25 30 35
Fuel MEP [bar]

» Linear (affine) relationship — Willans line

Pme = e(We) * Pmf — Pme,O("Je)

Pme
Pmf

» Engine efficiency: Ne =

Pne
o -
4
] ¢ mis

¢ & § i (T
PWE " e ©

B I 0.40

Pmeo
5 b 038
Willans line parameters: e(we) Pme,o(we)

46 /47



	Repetition
	Energy Consumption of a Driving Mission
	The Vehicle Motion Equation
	Losses in the vehicle motion
	Energy Demand of Driving Missions

	Energy demand
	Energy demand and recuperation
	Sensitivity Analysis

	Forward and Inverse (QSS) Models
	IC Engine Models 
	Normalized Engine Variables
	Engine Efficiency


