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!'_ Road Loads



Exercise 1 : Road Loads

= Let’s consider the following car
m = 1000 kg e = 0,9
S =1,8m? C,=0,31 p=1,2kg/m?
f=0,01 + 107°V?

= Compute the road loads generated at speed in between 0 and 50 m/s



Exercise 1 : Road Loads

= Rolling resistance
Frr =mg cosf frr = mg cos6 (0.01 + 107° Vz)

= It comes
V =10m/s  Fpr=1000-9,81-(0,01+107°10%) = 107,91 N
Prr = FrrV =1079,1 W

V =25m/s  Fgr=1000-9,81-(0,01+107°252%) = 159,91 N
Prr = Frr V = 39971,75 W

V =50m/s  Frr=1000-9,81-(0,01+ 107" 50%) = 343,35 N
Prr = FrrV = 17167 W



Exercise 1 : Road Loads

= Rolling resistance
Frr =mg cos frr = mg cosf (0.01 + 107° V?)
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Exercise 1 : Road Loads

= Aerodynamic drag

= [t comes
V =10m/s
V =25m/s
V =50m/s

1
Farro = 2P SC, V?

Fapro=0,5-1,2-1,8-0,31-V?=33,48 N
Parro = Fapro -V =334,8 W
Farro=0,5-1.2-1.8-0,31-25% =209,25 N
Paero = Fapro -V =95231,25 W
Fipro=0,5-1,2-1,8-0,31-50° =837 N
Parro = Fagpro -V = 41850 W = 41,850 kW



Exercise 1 : Road Loads

= Rolling resistance

1
Fagpro = o SC,V?
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Exercise 1 : Road Loads

= Total road resistance forces

1
Fries = Frr + FaApro = mg (fo+f2V2) cos f + 5/0503; V2

= [t comes
V =10m/s Frr+ Fapro =107,91+ 33,48 = 141,39 N
Prr + Paegro = 1,4139 kW

V =25m/s Fgrr+ Fagro = 159,9 + 209,25 = 369,15 N
PRR + PAERO = 9,225 kW

V =50m/s Frr-+ Fagro = 343,35+ 837 = 1180,35 N
Prr +Pagro = 99,0175 kW



Exercise 1 : Road Loads

= Total road resistance forces

1
Fres = Frr + Fapro = mg (fo + foV?) cosf + ol SC,V?
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Exercise 1 : Road Loads

=  When aerodynamic drag and rolling resistance are equal?

1
Frr=Fagro < mg(fo+ f2V?) cosf = 2P SC,V?

= We have
(%p SC,—mg fo cos@) V? =mg fy cosd
v — mg fo cost
B %pSC’Q3 — mg fa cosO

08, 1
V=15 gner = VA4, 448 = 20,35 m /s = 73, 20km/h

10



Exercise 1 : Road Loads

= When aerodynamic drag and rolling resistance are equal?

1
Frr = FAERO < mg (f0+f2V2) cos ) = EpSC:C 1%
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Exercise 1 : Road Loads

= Grading resistance

Feraping = mg sin

= We have

sope = 3% <=  tanf—=0,03 ————0 | 00m

im
<— 0=1,7183°
<= sinf = 0,0299

= 3% FGRADING’ = mg sin @
= 1000-9,81-0,0299 = 294, 3 N

V=10m/S  Pgrap. = Fgrap.-V =2,941kW
V:25m/S PGRAD. :FG’RAD. -V :7,3542 kW

V =50m/S  Pgrap. = Fgrap.-V =14T084kW



Exercise 1 : Road Loads

Grading resistance

slope = 10% <= 60 =25,71°
<= sinf = 0,0995

Feraprng = 1000 -9,81-0,0995 = 976,13 N

slope = 20% <= 6 =11,3099°
<= sinf = 0,1961

Feraprng = 1000-9,81-0,1961 = 1923,89 N

V =10m/S  Pgrap. = Fgrap.-V =19,2380 kW
VIQE)TR/S PGRAD. :FGRAD. -V :48,0974 kW

V =50m/S  Pcrap. = Fgrap.-V = 96,194 kW
13



Exercise 1 : Road Loads

= When aerodynamic drag and rolling resistance are equal?
Fres = Frr + Fagro + FGrADING

1
= mg (fo + f2V?) cosB—I—EpSCm V? +mg sind = A+ BV?
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Exercise 2 : Shell Eco Marathon

= Let’s consider the following car
m=145kg f =10,01
S=0,95m* C,=0,28 p=1,22kg/m”

= Compute the road loads generated at speed V=8,33 m/s (30 km/h)
= On level road

— o
= When 06=2,1 e



Exercise 2 : Shell Eco Marathon

= Rolling resistance
Frr =mg cosO frr
= 145-9,81-1-0,01 = 14,2245 N
Prr = Frr -V = 14,2245 - 8,33 = 118,4900 W
= Aerodynamic resistance

Farro = %PSC:B v?
—=0,5-1,22-0,95-0,28-8,33%2 = 11,2590 N
Parro = Fapro -V = 11,2590 - 8,33 = 93,7878 W
= Road resistance

Fres = Frr + Fagro = 14,2245 + 11,2590 = 25,4835 N
Pres = Prr + Papro = 118,49 + 93,7878 = 212,2779 W

16



Exercise 2 : Shell Eco Marathon

= Grading resistance
6 =21° sinf ~tanf = 3,6643 1072

Ferapring = mg sinf
= 145-9,81 - sin 2, 1° = 52,1238 N

= Rolling resistance - negligible modification!
cosf) = cos2,1° = 0,9993
Frr = mg cos frg
= 145-9,81-0,9998 - 0,01 = 14,2149 N
= Road resistance
Freg = Frr + Fapro + ForADE = 25,4835 + 52, 1238 = 77, 6073 N
If V=8,33 m/s
Pres = Frrps -V = 77,6073 - 8,33 = 646, 4688 W

17



Exercise 2 : Shell Eco Marathon

= Let’s consider the following car
m=180kg f=0,0018 (Data: Michelin)
S=1,049m* C,=0,20 p=1,22kg/m?

= Compute the road loads generated at speed V=26 km/h
= On level road

= When 0= 0,35° and 0= 2% 18



Exercise 2 : Shell Eco Marathon

= Speed :
V =26km/h =26/3,6="7,23m/s

= Slope:
6 =0,35°=6,1010""° rad

cos0,35° = 0,9999 sin0,35° = 6,1086 1073

And o
2% <= arctan(0,02) = 1,1457

cos1,1457° = 0,9998 sin1,1457° = 19,9949 1073

19



Exercise 2 : Shell Eco Marathon

= Rolling resistance
Frr =mg cosl frr =180-9,81-1,0-0,0018 = 3,1784 N
Prr =Frr -V =3,1794 - 7,23 = 22,9801 W
= Aerodynamic resistance
1
Fagro = 5050;1: &

=0,5-1,22-1,049-0,20- 7,232 = 6,8761 N
Papro = Fapro -V =6,8761-7,23 = 49,7143 W

= Road resistance

FRES = FRR + FAERO = 3, 1784 + 6,8761 = 10,0545N

Pres = Prr + PAEro = 22,9801 + 49, 7143 = 72,6940 %4
20



Exercise 2 : Shell Eco Marathon

= Grading resistance
0=2% 6=1,1457° sinf =1,9996 102

Feraping = mg sinf
= 180-9,81-0,019996 = 35,316 N

= Rolling resistance - negligible modification!

= Road resistance

Fres = Frr + Fapro + Farapr = 25,4835 + 52,1238 = 77,6073 N
Pres = Frrps -V =77,6073 - 7,23 = 328,0287 W

21



Exercise 2 : Shell Eco Marathon

If the vehicle is equipped with two electric motors of the
following characteristics

Conaw = 0,9743 N.m

i =282 R. =0,2737m

NGearBoz = 0,9875  NMBearings = 0,98
What is the net force available?
What is the maximum slope that be overcome?
What is the maximum acceleration?

22



Exercise 2 : Shell Eco Marathon

= What is the net force available?
= Transmission efficiency

It = Tlgear Tlbearings = 0, 9875 - 0, 98 = O, 96775
= Tractive force generated by one motor

8.2
FY —p o —0.96775 —
t TR ) 0.2737

0,9743 = 28,2638 N

= Net available tractive force

Fpep =2 - FY — Frpg = 2- 28,2658 — 10,0945 = 46,4371 N

23



Exercise 2 : Shell Eco Marathon

= What is the maximum slope that be overcome?

FG’RADE = myg sSin Qmaa: — L'net — Ft — FRE’S
. _Fnet_Ft_FRES
sin 0,00 = =
mg mg
46,4371
= — 2,6298 102
180 -9, 81

Qma:r: — 276 o

24



Exercise 2 : Shell Eco Marathon

= What is the maximum acceleration?
dV

— =F,0 =F, — F
mdt t t RES
a :Fnet:Ft_FRES
max m m
46,4371
= = 0,2579 m/s"

130
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Exercise 3 : Road Resistance of a Truck

= Determine the road resistance of a
semi trailer truck when traveling at
the cruise speed of V=90 km/h

m = 40000 kg frr = 0.0085
S =10 m? C, =0.64
n = 0.90

m Grade resistance on a 3% road.

= Which slope can be overcome at 90
km/h if the truck is equipped with a
335 kW engine (Mercedes-Benz
OM470)?

26



Exercise 3 : Road Resistance of a Truck

= Determine the road resistance of a
semi trailer truck when traveling at
the cruise speed of V=90 km/h

Truck type Cq Source
(1) (2) (3)

Single unit 0.70 Fitch [1994]
Tractor-semitrailer 0.70 Fitch [1994]
Car hauler - cattle hauler [0.96 - 1.10 |SAE J2188
Garbage 0.95-1.05 [SAEJ2188
No aerodinamic aids 0.78 SAE J2188
Aerodinamic aids on roof |0.64 SAE J2188
Full aerodinamic treatment |0.58 SAE J2188




Exercise 3 : Road Resistance of a Truck

= Speed :
V =90km/h = 90 - 1000/3600 = 25.0 m /s

= Rolling resistance
Frr =mg cost frr
= 40000 - 9.81 -1 -0.0085 = 3335.40 N
Prr = Frr -25.0 =83.385 kW

= Aerodynamic drag
1
Fagro = §P50x &

=0,5-1,2-10.0-0.64 - 25% = 2400 N
Parro = Fagro -V = 2400 - 25 = 60.0 kW

28



Exercise 3 : Road Resistance of a Truck

= Total road resistance on level road
Frps = Frr + Fagpro = 5735.4 N

Pris = Pri + Papro = 83.385 + 60.0 = 143.385 kW

= Ratio between rolling resistance and aerodynamic drag

Prr 83.385
= —— = 1.3898%
PaERrO 60.0

= Power need at the engine

143.385

Pmot — PRES — = 159.51 kW
Tt 0.9

159.51

Pmot = 736 .46

29



Exercise 3 : Road Resistance of a Truck

= For which speed aerodynamic drag is equal to the rolling resistance
1
Frr = Fagro <<= myg frr = §PSC:L~ V?

v [mg frr /40000 -9.81- 0.0085
\ ipsc, \ i-12-10-0.64

= 29.4719m/s = 106.0989 km /h

30



Exercise 3 : Road Resistance of a Truck

Determine net power available and max slope that can be taken

Prr +Paero + PeraDpE = Mt Pmax

83385 + 60000 + mg sinf V = 0.9 - 335000

0.9 - 335000 — 143385
ng— — 0.0161
sin 6 40000 - 9.81 - 25

= Maximum slope at 90 km/h is 1.61%

31



!'_ Tractive forces

32



Exercise 4

= Let’s consider the following
vehicle BMW Z3 (model 2000)

m = 1295 kg
C, =0.37 S = 2.24 m?

f=0.0136 + 0.4E — 7 V?[km/h]

Tire 225/50 R 16

Pro: =118 HP  wpom = 5500 rpm
Crae = 180 N.-m  wemaz = 3900 rpm

1 2 3 4 5
g | 4.23 1252 ] 1.66 | 1.22 | 1.00
ld 3.38

33



Exercise 4

= Determine missing parameters

= Define approximations of power
and torque curves of the engine

= Compute the road resistance
forces and draw their evolution
from 0 to 200 km/h

= Compute the tractive forces for
the five gear ratios and draw
the diagram of tractive forces
and road resistance of the
vehicle

34



Exercise 4

= Let's estimate the missing parameters
= Rolling radius

Tire 225/50 R 16
D =16-25,6+2-0,50 - 225 = 631.40 mm
R. ~0.98 - D/2 = 309, 38 mm

= Transmission efficiency

Engine with longitudinal mounting

Driven at rear axle

Manuel transmission with dry friction clutch
One direct drive gear ratio (5)

ne(1,2,3,4) = 1.0 0,9875% 0.975 = 0.95
n:(5) = 1.0 1.0 0.975 = 0.975

35



Exercise 4 : Power curve approximations

= Let’s find an approximation of the power curves
P =P =118 HP =118 - 736 = 86.84 kW

P, = P,.: = 86840 W w1 = wpom = 5500 rpm
Cy = Chige = 180 Nom wo = Wemaz = 3900 rpm
2
wi = 5500 % — 575,9587 rad/s wy = 408,4070 rad/s

P(WQ) — 732 — Cmax WChax
= 180 - 408, 4070 = 75.513 kW

Py /P1 = 0.84654

wg/wl = 0.70909
36



Power approximation

= One looks for a power function of the type

P =P —alw—wl|’| withb>0

= It comes
WL Py —P

b = 22— —2.2631 a = —— =0.12340
Py _ w1 — wo|

P2

37



Polynomial approximation

= Polynomial approximation of order 3

P(w)/P1 = ag + a1 (w/wi) + as (w/wi)? + as (w/w)®

s Identification of the coefficients

CL():O
a; +ag+asz =1
a1 No + as n§+a3n§:772/731

as+2az3ns =0

=) |

—

—

a; = 0.042187
as = 3.248236
as = —2.290423

38



Polynomial approximation

= Polynomial approximation of order 4
Pw)/P1 = ag+ a1 (w/wi) + as (w/wi)? + az (w/w)?
+ ag (w/wp)’

= Solution of the linear system

—

a1 +as+az+ag =1 a1 = —1.9340
a1+2as+3a3+4a4=0 =) | az = 10.7982
a1 Ny 4 as na + az ns 4+ agny = Po /P az = —11.7945
as +2asns +3asns =0 as = 3.9303

—

39



Comparison of Power approximations

= Power approximations

Power a pproximations
100000 - M aX?
m 3rd Polynomial
\ m 4th Polynomial
== Power
80000
60000

Max power

40000 -

20000 -




i Comparison of Torque approximations

= Torque approximations

Torque approximations

200
= 3rd Polynomial
m 4th Polynomial
150 - l /
Max torque
100

50 -




Road resistance

= Rolling resistance

Frr = mg cosf frr

frr = 0.0136 + 0.4E — 7 V?[km/h]
fo = 0.0136
fo=04E —7(3.6)> = 5.184E — 7[V in m/s]

= Aerodynamic drag

1
Fagpro = §PSC:E V2

=0,5-1,22-2.24.0.37-V?
= 0.5056 V* [N]

42



Road resistance

= Grading resistance

Feraping = mg sinf

= Road resistance

Fres = Frr + Fagro + FarADE
=mg cosO(fo+ fo V?) +1/2pSC, VZ + mg sin b

Fries :A—|-BV2
A =mg cos@ fo+ mg sin6

B =1/2pS C, +mg cosf fs

43



Road resistance

= If0=0%
A =mg fo = (1295 +75) - 0.81 - 0.0136 = 182.78 N
B =1/2pS C, +mg cosf f,
=0,5-1,22-2.24-0.37 +1370-9.81-5.184 10"
= 0.50425

[ ] If 9=30/0
Faraping = AA =mg sinf
= 1370 -9.81 - 0.03 = 403.1910

44



MATLAB code

%
% Force at wheels =
E ¥ FEES = A + B V**2
vap=200.; %
wvlow=0.: ares = m*grav frrli*cos(theta) + m*grav*sin(theta)
S bres = 0.5%rho*5%Cx + m*grav*frr2*cos(theta)
v=vlow:5:vap; Fres= ares + bres*vms."Z;
%

vms= v/3.6;
FRLT= m*grav®frr0¥*cos (theta) + m*grav®frr2*cos(theta) *vms."2;

FAERD = 0.5%rho*5*Cx¥*vms."2;
% 3% = 1.7184 degres

Eoad resistance

BEe 0.309 theta = pi®l1.7184/180.;

fRRE = £f0O 4+ £2 V=32 FGRAD = m*grav¥*sin(theta) *ones (length (vms) 1) ;
= 0,0136 5

£2 = 0.4E-7 *(3.6)**2 = 5_184FE-7 figure

S = 2.24 m* hold on

Cx = 0.37 plot (v, FRLT, 'LineWidth', 3, 'Colox', "red')

eta tranmission: 0.95 (moteur longitudinal avant) Plot({v,FRERD,'LineWidth',3,'Color',’'green')
plot (v, FGRAD, 'LineWidth', 3, 'Color’, 'black’)

df o oE of of ol of df o of e
]
o

m = 12%5,475,: plot (v, Fres, 'LineWidth', 3, 'Coloxr", "blue')
grav=9.,81; ylim([O 2000])

Ee = 0.309 :» title ('Road resistance')

frro = 0.0136: legend ("REolling', '"fero', '"Slope 3%'","Total')
frr2 = 5.184e-7; hold off

rho=1.2; “

5 = 2.24;

Cx = 0.37: 45



Road resistance

= Plot the road resistance from v=0 to 200 km/h

Road resistance
2000

= Rolling
s Aer
= Slope 3%
T otal

1500 -

1000

500
0 __——'// | ]
0 50 100 150 200
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Tractive forces

= Let's now plot the tractive forces for the different gear ratio
= Speed in terms of the engine rotation speed

V= We —
1

= Tractive force in terms of the engine speed and torque value

)
Fy=m R_e C(we)

R. = 0.3090 m(1,2,3,4) = 1.0 0,9875% 0.975 = 0.95
n:(5) = 1.01.00.975 = 0.975

1 2 3 4 5
ig 4.23 2.52 1.66 1.22 1.00
id 3.38
1=141q | 14.2974 | 8.5176 | 5.6108 | 4.1236 | 3.38




MATLAB code

Tractive forces

Gear box: il=4.23 / iZ = 2.5
Differential : id= 3.38

id = 3.38;

L.23%id;

.52%id;

LBE¥id;

L22%id;

LD0%id;

a0 e de e oo

il =
i2
i3
i4
it =
%

etatrans = 0.595;

I
o e R

etatransdirect = 0.975;
%

HROT=1000:100:6000;

%



MATLAB code

NROT=1000:100:6000;
3
[F] for i=1:length (HROT)
omega = WROT (1) *pi/30.:
Pcal = P1* (A3 0 + A3 1* (omega/0l) + A3 2* (omega/0l)."2 + A3 3* (omega/01)."3);

Ccal = Pocal/omega;

vmsl (i)=3.6"omega*Re/ 1l;
FT1(i) = etatrans*il*Ccal/Re;

vmsZ2 (1)=3.6"omega*Re/ 12;
FTZ (i) = etatrans*iZ*Ccal/Re;

vms3 (1)=3.6%omega*Re/13;
FT3 (i) = etatrans*i3i*Ccal/Re;

vms4 (1i)=3.6"omega*Be/14;
FT4 (i) = etatrans*id4*Ccal/Re;

vms5 (i)=3.6*omega*Re/15;
FTsii) = etatransdirect*is*Ccal Re:;
%
—end
E -




MATLAB code

figure

hold on

plot (v, Fres, "LineWidth",3, "Coloxr ", "black")
plot (vmmsl,FT1, "LineWidth', 3, "Colox', "red')
plot (vms2,FT2, "LineWidth', 3, "Coloxr', "magenta')
plot (vins3,FI3, "LineWidcth', 3, "Color ", "green')
plot (vms4, FT4, "LineWidth', 3, "Coloxr", "cyvan')
plot (vmns5, FTS, "LineWidth', 3, "Colox', "Blue')
ylim([D 100001}

title("'Tractive Forces')

legend {'Road Resistance','Gear 1','"Gear 2','Gear 3','Gear 4','Gear 5')
hold off
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Tractive forces

= Plot the tractive force from v=0 to 200 km/h

Tractive Forces

10000
= Road Resist
w— Gear 1
m— Gear 2
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8000 - Gear 4
— Gear 5
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