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* nsaaastauunas (Matlab)

e n1ganaasldenanin (Simulink)
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What drives the car? ONITED

* ¢ TUN NI UM LNITDNUWN
TENGR

e accelerate/brake
e drive a turn

Tyre Production:
http://www.youtube.com/watch?v=Li-
MKobBg5w

Bias-Ply Tyre vs. Radial Tyre

http://www.youtube.com/watch?v=I
iOn8SK9V2s
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http://www.youtube.com/watch?v=Li-MKobBg5w
http://www.youtube.com/watch?v=Li-MKobBg5w
http://www.youtube.com/watch?v=Ii0n8SK9V2s

Tire = Primary Spring ONITED

* ... in 3 directions (3 DOF)

e comfort
* N5AILSIFUAZINDUINNNDIDUU

* LSRN
* FNANLARDAULNIURLAT
* anunlsdsiurasiuilnussnaauasnd

* iszANENINNITUYU
* dSuaupannuliatinianalan

Wheel with pressure distribution in
contact area [Bosch02]

Co-funded by the Air-filled tires n vs. pure rubber tires []pfe R
Erasmus+ Programme http://www.youtube.com/watch?v=jsxP7SYRF60&feature=related Dr. Karl Reisinger FH |JJOANNE\UM

of the European Union


http://www.youtube.com/watch?v=jsxP7SYRF60&feature=related
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Tire Radii ONITED

* Outer Radius
* Static Loaded Radius ry

* =1 (Fz,p)
: : Ue
* Effective Radius 7, = —<17
2T
* . =f(pv)
2719+
. . 1) ~ # Fz
* Estimations™ re 3 * vertical tire stiffness
1 FzO
) d F,
Reimpel, Grundlagen der Fahrwerktechnik, Vogel 2000 c, =
Rill G.: Road Vehicle Dynamics, CRC Press, 2011 dz

Fznom

Co-funded by the
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of the European Union
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Rolling Resistance Coefficient f ONITED
- E,-r,=F,-e
..x_/”fﬂ’t/ L F - fR
N fR depends on
N | : tire radius
T e toein, camber
4/ I/ .
pressure
< * road
asphalt, roughness, earth, sand, ...
* speed
e (Hub & brake friction)

Erasmus+ Programme . FH JOANNEUM
of the European Union Dr. Karl ReISInger | University of Applied Sciences
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Reifen der Klasse C1 Reifen der Klasse C2 Reifen der Klasse C3 195/65R1591 T
Autoreifen Winter

CR mn kg/t Energieeffi- | CRinkg/t Energieeffi- | CR mnkg/t Energieeff

zienzklasse zienzklasse 1-
zienzklass N
: " & DR| 72dB
CR=6.5 A CR=5.5 A (R=4.0 A C1 .. Passenger Car, C2 .. Light Trucks, C3 .. Trucks
6.6<CR<7.7 5.6<CR<6.7 B 4.1<CR<5.0 B
https://ec.europa.eu/transparency/regdoc/rep/1/2
7.8<CR<9.0 6.8<CR<8.0 C 5.1<CR<6,0 C 009/DE/1-2009-348-DE-F2-1.Pdf
- - D 6.1<CR<7.0 D
Test procedure
0.1<CR<10.5 8.1<CR<9.2 E 7.1<CR<8.0 E https://eur-lex.europa.eu/legal-
content/EN/TXT/?qid=1570609195857&uri=CELEX:42
10,6<CR<12.0 9.3<CR<10.5 F CR>8.1 F 011X1123(03)
lain steel drum, d =2m,25°C, forCl:
CR>12.1 G CR>10.6 G - G 0 prum

speed=80 km/h, Fz=80% of max. tire load

Co-funded by the
Erasmus+ Programme
of the European Union

FH |J ANNEUM

Dr' Karl ReISInger niversity of Applied Sciences 13


https://ec.europa.eu/transparency/regdoc/rep/1/2009/DE/1-2009-348-DE-F2-1.Pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1570609195857&uri=CELEX:42011X1123(03)

w 1J Aa A 61 e
ATOAUVITANDENTNUBDIEIN L HDUIAO UNITED
Cl tyres C2 tyres C3 tyres

Frorov Furoron: Frorow

RRC in kg/t efficiency RRC in kg/t efficiency RRC in kg/t efficiency

class class class
RRC <5,4 A RRC < 4,4 A RRC < 3,1 A
55 <RRC<6,5 B 45 <RRC<5,5 B 3,2<RRC<40 B
6.6 <RRC<7.7 C 3.6 <RRC<6.7 C 4.] <RRC<5.0 C
7.8 <RRC<9,0 D 6,8 <RRC <8,0 D 5,1 <RRC<6,0 D
91<RRC<10)5 E 8,1 <RRC<9? E 6,] <RRC<70 E
RRC > 10,6 F RRC >9,3 F RRC = 7,1 F

195/65R1591 T
Autoreifen Winter

® a v aeEa

C1 .. Passenger Car, C2 .. Light Trucks, C3 .. Trucks

https://ec.europa.eu/transparency/regdoc/rep
/1/2018/EN/COM-2018-296-F1-EN-ANNEX-1- ir
PART-1.PDF (2018)

Co-funded by the
Erasmus+ Programme - FH JOANNEUM
of the European Union Dr. Karl Reisinger | un

versity of Applied Sciences



https://ec.europa.eu/transparency/regdoc/rep/1/2018/EN/COM-2018-296-F1-EN-ANNEX-1-PART-1.PDF

Comparison Sports to ECO-Tires, o
. . UNITED
an estimation

* Vehicle Mass my, = 1600 kg
* neglect lift force

e Lifetime L=44 000 km1)
+ 1 Litre petrol costs 1.20 €, fuel value H,, = 11. skﬂgh 0. 75 gives 2.32 kg CO2

* Mean efficiency of Spark Ignited Engine : approx. 25% in cycIe

* Energy saves in kWh if you use Class B or Class E per 100 km
* How does consumption sink, |/100km?

e CO2 savesin g/km?

e Safed money while lifetime?

1)
Co-funded by the https://www.reifendirekt.at/FAQs/Fragen_rund_um_die_Produkte_Fragen_ zu_Reifen_Fragen_zum

Erasmus+ Programme _Reifenalter.html#Fragen_rund_um_die_Produkte_Fragen_zu_Reifen_Fragen_zum_Reifenalter-246 FH |JOANNEUM
of the European Union MR T At Seherons

Dr. Karl Reisinger
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Tire in Testing Machine
http://www.youtube.com/watch?v=WS8UIE7
yvO M&feature=related

Co-funded by the

Erasmus+ Programme https://www.youtube.com/watch?v=dZhTdljr2Zc&feature=related
of the European Union

FH |JOANNEUM

niversity of Applied Sciences 16

Dr. Karl Reisinger


https://www.youtube.com/watch?v=dZhTdljr2Zc&feature=related
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Measurement Truck: http://www.fkfs.de

Dr. Karl Reisinger
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Brush Model ONITED

o lafiAnuatanlaslaisaandan=> Taduseanenalifu

1 1
o a A

anduPaBUAEAz iy WIINI LR AU

Dy

Example: Wheel with drive torque, not braking
® ARLUTNUNUTIAS L

* Brush model
* treat element front position: unloaded and undeformed
* rubber deforms due to load within the print front to rear

* circumference speed v, =17, - w

» Different to the speed of the wheel centre. o , , C;j'umax
Driving Direction

<

* While wheel centre moves print length L, the tire has to
move by As more to ,load” the rubber.

* NO SLIP — NO GRIP Rel. velocities seen from wheel centre

Co-funded by the
Erasmus+ Programme
of the European Union

FH |JQ“A NEUM

Dr. Karl Reisinger vaity of Applied Scisnces 18



Tire Slip ONITED

Te * W = Vyheet T Vsy
* V,... rim centre velocity over ground
* VU, = Vyepn Without steering, driving straight forward
* vg.... Slip velocity

Te * W — Uy :
..drive mode
To " W
: . : : Te " W — Uy
-1<5,<1,5, =< 0 ..rolling with rolling resistance =
Ty — Dy max(7, -+ w, Uy, eps)
...thrust mode or braking

L Uy

* S,... Slip according Mitschke/Wallentowitz
* eps... small number to avoid div. by zero at stillstand.

Co-funded by the
Erasmus+ Programme

o FH|JOANNEUM
of the European Union Dr. Karl Reisinger | University of Applied Sciencds 9




ANHASUDINTIAUVD I UNITED

by

,Grip”
=Tire Force Potential

Brake 4 * F, ...longitudinal force transferred in print

A

* S, .. longitudinal slip

* Rolling: s, = 0 by definition of 7,

m

dF.
* () = d—: ... Long. Tire slip stiffness for lin. models

-100% * Uy(Sy) = % ... tire force coefficient
Sx
E 100% g * Mitschke/Wallentowitz:
1 0
( T W —7V
! £ % .thrust mode
I Tp *
I -1<5,<1,5, =1 0 ..rolling with rolling resistance
: Te " W — Uy ,
I ——— ...coast down or braking
\ L vx

Co-funded by the
Erasmus+ Programme
of the European Union

FH |JOANNEUM

Dr. Karl REISInger niversity of Applied Sciences 20



Lateral Slip =Side Slip ONITED

e Side Sllp "Slip Angle,” ot :

’Uy Wheelpath . \______..
S., = — = i .ar
Y v
X — Whe'?l heading remains
. . parallel to this initial
* Side Slip Angle « i direction.
Leadflng edge
— of print
tan(a) = s .
y . Successive positions of
Print | ink spot relative to print
length | ' —" -—-(— astire rolls along. (The
: ink spot remains fixed in
e relation to the ground.)

* Self alignment torque |
->the lateral force distribution §

Initial position of wheael,
Bottom view

Co-funded by the '

Erasmus+ Programme GM Wheel [Milliken95] FH IJOANNEUM
of the European Union u s

niversity of Applied Sciences



TyreSlipinxand y ONITED

. . “Slip Angle," o0 :
* no stress without strain Whee.pam\)’_i
=1 1
|\ I L-—— eel heading remains
* no force transfer ¥ [ | paralelioemia
without deformation Liatogedge: \ i

of print

Successive positions of
ink spot relative to print
as tire rolls along. (The
ink spot remains fixed in
relation to the ground.)

Print
length

* deformation of a rolling .
wheel makes
wheel slip

Initial position of wheel.
Bottom view

S 5 R R ST S— Applied lateral force

* regular slip is not
skidding of rubber on Ty
road Ssu rfa Ce! View  pressure distribution View l

in print for model tire X

[Milliken W., Milliken D.: Race Car Vehicle Dynamics, SAE 1995]

Elastic tire / ground force

Co-funded by the
Erasmus+ Programme
of the European Union

FH |JOANNEUM

Dr- Karl RE|5|nger niversity of Applied Sciences 22



Self Aligning Torque M, due to Lat. Force UNITED

A .
o — . _ Rim plane o, small side force
MZ Fy L(nCB; T Nk m) eﬁ Steering * Print sticks totally
* B, = x=0d_; dx Axis on road
is not symmetrically distributed! + Linear distribution
* tire trail, (pneumatic) trail n,, Miin < . my =

L —

AR
| —

1 : .
* np = E-L, L...printlength altlow £, %

* Ny decreases if the max. friction

potential was reached in areas of the
print

M, is a good feedback to the driver
for road friction (less if slippery)

* kinematic trail ng;,

high side force

z e Tire sticks within the front area, slides
after reaching a maximum

* Squeezing

* Resultant side force moves forward

* due to steering geometry SR~ q
e given by the engineer %‘t hR . Eﬁj
fy s fe—pta L v 2
Co-funded by the 12" FV 3 C‘?”l o ?{
P E e il Dr. Karl Reisinger L = FHOARHESY




MAUsVINUR ONITED

Lenkachse Castor
offset
l

* = kinematic trail, mechanical
trail, Y
Caster(Am.),Castor(Brit.)

* syaizviszudguinasdenanslidnuu

DML AR LI AULA A LAZ D LY

e Given by Lenkkopfwinkel [www.erbaat]
* Caster offset ; . o
* Caster angle | <~{ Nachlauf Castor
n=mngp+ng Radstand angle
Spurpunkt — te— Aufstandspun

Kin. trail

Co-funded by the

Erasmus+ Programme https://de.wikipedia.org/wiki/Nachlauf_%28Lenkung%29#/media/Datei:Lenkgeometrie_Zweirad.png FH |JOANNEUM
Of the European Unlon University of Applied Sciences

Dr. Karl Reisinger
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4 .
NMINIMNIvianao

4000 o ‘1 1 a o
_________________ NLTILAU!
S a < '
o et et e * wnanutiniuanlugain Anaz
I I I VL v v 1 1
000 e T - ATULLIIUREANINARAILNN
Fx(Z'Fz) <2'Fx(Fz)
= 1000
2 L]
u CFZ:SOOM/ 1A 0°/ IP: 20 kP&, ”X(Z FZ) < ”—x(FZ)
£ -FZ:SO0N/ 1A -2° IP:50 kPA
T o0 -FZ:SOON/ 1A -8/ IP:B0KPA [
= -FZ:SO0N /1A -6°  IP:20 kPA
. -FZ:S00M/ 18 0°) IP: 20 kKPS A o o - o
< -FZ:S00M/ 1A -2° IP:20 kPA
£ _1000 -FE:B00M /S 1A -4° [/ IP: 80 kPA 'Vlﬁ‘VI']\‘i ﬂ']u"ﬂ']ﬁ L“N'ﬂuﬂu'
-FZ:SO00N/ 1A -6°f IP:50 kPA
-FZ: 1100 N {18 0° /IF: S0 kPA
-2000 - -FZ: 1100 N 1A -2 fIP: 20 kPA,
I <FZ: 1100 N 1A F j IP: 50 kPA
SFZ: 1100 M j 1A & j IP: 50 kPA
-FZ: 1400 N { 18 0° / IF: 50 kPA
-000 -FZ: 1800 N [ 1A -2 [ IP: S0 kPA
-FZ: 1400 N 1A -8 [ IP: 20 kPA,
-FZ: 1400 N 1A & j IP: 50 kPA
-4000
-0.25 0.2 0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2 I
slipratio [-]
Co-funded by the
Erasmus+ Programme . . . . FH|JOANNEUM
of the European Union Source: Conti Formula S racing tire Dr. Karl Reisinger e, 25



ONITED

HSIUAIHNMTIAA MK UIA D IUAZHTIAT UV

algnirg targua [Wm]

Source: Continental

C15, C16 2 types of Formula S Racing tires

Co-funded by the
Erasmus+ Programme
of the European Union

Self Alignment Torque = Feedback to driver about grip tmax !

Nonlinearity about Fz:

,You loose more at inner side, than you gain in outer side”
FH |JOANNEUM

Dr. Karl Reisinger

University of Applied Sciences

1m
——C16- Fr: SO0 N/ 1 0 IP: B0 kP,
——C16- Fx: 8O0 N/ 14 0 IF: B0 kP,
= 000 ——C16- Fz: 1100 M ¢ 14: O IP: B0 kP
e — e ——C16- Fr: 100 M 7 14 0% (P2 B0 kFA
= I C15- Fr: SO0 N/ 1 0 IP: B0 kFa,
Cl6vs. C15 m | =
. - ——C15- Fr: BOO N/ 1 0% IF: B0 kPa,
n — | . ———C15- Fz: 1100 N ¢ 18: 07 IP: 30 kP&
— ——CI5- Fx: 100 M 7 14 0% (P2 B0 kFA
Eal —
=
o 3
o] 2 o]
m e,
o
3
-a a
- Fe: SO0 N £ 1407 IP: B0 kFa,
-1000
——C16- F= BOON /£ 18: 0%/ IP: B0 kPA
-0 —— 16 - Fz L1100 N7 14 09 IP: BO kPa, H‘"x o
——C15- Fz 1000 N 14: 07 IP; B0 kP Jp— C1 6 VS C1 5 T N B
-5 CI5- Fz: SO M /1A: CF 1P BO kP .
— p—
—— G5 - Fx BO0 N 14:0F 1P B0 kP —
a0 G5 - Fz 1400 N 18 (P IP:S0 kP 3000
—— €S- Fe 1000 N g 18 (P ¢ IF:B0 kP
-1m
. g 5 a o 2 a 6 10 -0
) -10 a -6 -1 0 1 ] 8
slipamk ] .
Good to drive: no clear peak slipangle ]

26
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ANTNAVBININTZ W IR UNADB IV

* H2agNg

e 1st axle: TuamnnudItwaza

* Roll torque is transferred by 2nd axle

Fz1=Fz2=3600N,
Fyl=Fy2=1800N,
ny=Fy/Fz=0.5
2a=2°

 2nd axle: aamulunnuazanau

* Fz1=7200N, Fz2=0 N
Fy1=3600N, Fy2=0
nyl=Fy1/Fz1=0.5
2 0=4°

* WWAMNUIUUNUSTNNANNNUNINAz AL AU

NINNI

* Influenced by Anti Roll Bar.

Seitenkraftkennfeld

[Mitschke04]

Dr. Karl Reisinger

27

{y=F, /F,

seifl, Kraftschiuf} f,

—
~J

.~
Lo

=
(v

K==
L2

o
~

02

Raclast F,=11kN

b
v \ 4 !
0 0,05 010 015 0,20
Seitenschlupf Sy=tona
L ! A i i
0° 2° 4° 6° 8° 10°

Schraglaufwinkel o«



———
~J

Rodlast F,=11kN

ANTNAVBINIINIZ I HUNAD
BV

Other Suspension:

R
Lo

uy=Fy7F

T - ———— i V]

oo
o

Roll moment is transferred 50% / 50% front and rear axle
* Front and rear axle are loaded equally.
* Fyi = Fystar £ AF,
* VA und HA:F,,=5400 N, F,,=1800 N
* Sum of lat. tire forces at one axle is given
Myxie * Ay = Fy1 + Fyp = 3600 N

* Same tire slip angle left and right, because the
wheels are connected by the car
( exact at wide curves)

* We search the slip, where F,,; + F,, = 3600 N

* F,;=0.42%5400, F ,=0.73*1800

>a=2.5° 0 \A 4 \ 4 ’

0 0,05 0,10 015 0,20
Seitenschlupf Sy=tona

=2
L==p ]

=
£~

seifl, Kraftschiuf} f,

=
~2

L i 1 |
Q° 2° 4° 6° g8° 10°
Dr. Karl Reisinger Seitenkraftkennfeld S¢ hfﬁg[uufwinke[ o
[Mitschke04]




Cause of Wheel Steering Moment M,

AMNLLSITI9EG

e castor angle
e castor offset
- Kinematic Trail

* pneumatic trail

uff=) e (4 ANLSIATNENIUDIENG
uf 1 5.:-:." e L
Ny . .
- e king pin inclination angle
¥ e king pin offset
[ Lenkdreh- .
] achse QSCFUb RadIUS
e tire deformation
: negativ
L Jrco O
(=} 1, ,._ _.. AL
[Reimpel00]

Dr. Karl Reisinger 30
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deflection

Fx,T

Dr. Karl Reisinger

Point where the
resultant force is
applied in the patch
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“Yanausagaamuves Kamm's” ONITED

e Wunibald Kamm, 1893 - 1966

. quuvsmmﬁmmu.'-NmumfsLLmLLﬁqﬁ']uiﬁqﬁmag}mﬂiu
MNNAN

* (Krempel’s improvement)

¢ Fy,max < Fx,max
* TpailnAReiFaniaenanusadaamuaas Kamm's

u 2 u 2 F;
. ( : ) T ( : ) <1Lm==
Hx max Ry max F,

Co-funded by the
Erasmus+ Programme
of the European Union
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Z. Ze
* Mitschke-Wallentowitz (2003) —
relative speed over impressed speed
. 5 — reff-w—vx — Vsx ‘21--\ r
x max(reffwvy) Max(Tefrwvy)’ *xc_:x C C A A
Mitschke, Pacejk Y ’ ‘
L J _—
itschke, Pacejka s), = —~ tan(a) | W aUy
- !E"_IF, i
* 3important angles i/
 Tireslipangle a 1 ¢

* Forceangle ¢

* angle of relative velocity print to road ¢
* Due to anisotropic tire: ¢, > @

Velocities at the wheel [Hirschberg06]

Co-funded by the
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NANNAN €] YaNNIaUHIasININ 10% Sllp UNITED

F,=8.0kN F,=8.0kN
Ammount of Tyre Force for constant slip depending on slip angle dEg — 200 kN (!F,E_,} — 80 k ]\'r

Passenger Car Tyre 205/55R16 (RIill. S87), Fz=8 kN Sff _ 0'100 s;}.;! _ 0'220
FM =870kN FM = 750kN
Sg = (.800 *-.:; = 1.000
FTUNUNANNTRILN Ff = 7.60 kN f't,'_:’ = 740 kN
Aenaludinantin

= - P FapF Qs

Q... YNITNINANMNFIIRIAUTADUATITUNLNANEAS

P ... HHITNTNAUITIVRTDLLTINUATIZUILNANAD
Q... PWWITNINUNANTAUAZITUILNAIAD

270
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Semi-Empirical Tire model —

>
. . UNITED
Hirschberg-Rill TM-Easy: F(s)
* Parameters
e dF9 =% stiffness
das s=0 * l\’/]
e (sM, FM).. Maximum F ' £
. S FS ' i pumn? ‘ .
(s>, F~).. Begin of Slide dFo | parabola | straigh
« Equation é line
rational :
f < function
dF"
oM
T+ Gt 2) :
. —
* F(s) =4 FM—a(s—sM)? M §° s5 3
F° + b(s® — 5)?
\ F°

Co-funded by the

Erasmus+ Programme . .
of the European Union [RI” G] Dr. Karl Reisinger
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[Rill G.]

UN

Sx = =,Sy == ...normalized slip

Sy Sy
Sy, Sy ... normalizing factors
@... force angle

Sx
S AN
% Scaling with Sy Dr. Karl Reisinger
Sx

FH|

TED

JOANNEUM

University of Applied Sciences
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Hirschberg-Rill TM-Easy: SN
Combined Forces 1

* Normalized Slip

e« N _5x N _2%

Sx =55y =
» Slip Normalizing Factors s, = f(sy', sy, B, B, dF?, dF))
. considers, that the tyre is weaker in y than in x

Resultant Slip

s = \/(S,’CV)Z + (Sf)’)z

But: Normalization is not necessary, if F, = s, =0orF, =s, =0

Co-funded by the [RI Il G ]
Erasmus+ Programme
of the European Union

FH | JOANNEUM

Dr. Karl Reisinger 33



Normalized Slip is watched in @ — Plane ONITED

Force Plane Fr =Fcsy and F,=Fsing

dF° — \/ (d FO5, cos @) 4 (ng §, sin {,9)2._

M 2 oM 2
M S . Sy .
s = —— COS -+ —— sIn .
S Sy

2 2
(SﬂIdFﬂ a v : o = % : 0 <s< SM' M — \/(FE’I CcOs p) —+ (Fyﬁ’f sin tp) ,
SJ' S i
14+o(lo4dF?—— —2 G 2 G 2
JFTIH"'jr G Sz S'y .
F(S) — < M 57 = Sfcosgo -+ 87511:1(,0 .
' §— 8 ; T y
FM _(FM — F&)o2(3 - 20) , 0= 7] - sM < s < 5@ 5 5
§& — st Y S
T
\ ?
COS ( = S/ and sin @ = %
[Rill G.]
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Hirschberg-Rill TM-Easy: SN
Load Dependence

* Force parameters dF°, FM F>: quadratic rule

¢ Y(E,) = {2 Y(EN) -2 Y(2EN) - [Y(FN) _ —Y(ZFN)] }

Z

. 2> u(E,) = Y;FZ)... linear interpolation

Z

e Slip parameters s, s°:linear rule

e X(E) = X(EN) + [X(2EN) — X(EM)] (— _ 1)

F;
[Rill G.]

g b

d
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NSUIHINITEU UNITED

* Tsmanuunarnunliilale Moodle:

* Hirschberg_Rill Weinfurter Tire model TM-Simple_User-Apporpriate
Tyre-Modelling for Vehicle Dynamics in Standard and Limit Situ.pdf

Hirschberg W., Rill G.: User-Appropriate Tyre-Modelling for Vehicle Dynamics in Standard and Limit Situations, Vehicle System Dynamics, Vol.
38, 2002, Issue 2, Pages 103-125 | Published online: 09 Aug 2010

Co-funded by the
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usagsaMuIediy Uy, (F,) ONITED

FM Friction Coefficient for Passenger Car Tyre 205/55R16
=
* UM = . 4940, WIALANNY, US.. | N
R ; 1 Y e N
ANRNU T ANT AN AL AULAIEINTDEI WA 0s /// \\\
Ineidng, naangzas TM-Easy e / //’ "“:lf%&\\\

0.4

0.2 ] uM,Fz=2kN ‘.‘ ‘.‘
{0 N A N eepapp—— -
uS,Fz=2kN g .]
UM, 6kN i
I

----- uS,Fz=6kN I
UM,Fz=10kN H ,'1
T

----- pS,10kN
- Ellipse for 10kN f
-0.4 Y } 4
\ 3 l{/ /|
\ \\ l’ ll /
N 4 4
0.6 \ > 7 f
-0. \\ 9 7 /I/
\\ ’/
0.8 \\\:\ LY - . R ,////
-1 k\\‘n -—"';4
. -

-0.2

-

HousF,)
o
AW = = = = T
x*"“’ _‘__“\\
‘\% = /r"
\%-.-._:;n‘"’”’

-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Hms=Fyms'F
Co-funded by the
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Semi-Empirical Tyre model TN 5
Pacejka’s famous Magic Formula 1)

* “adistorted” Sine function also for large road
 Y(x) = Dsin[arctan(B®)] + S, wave-lengths only!
e d=(1—-E)x+ (%) arctan(B x)

XxX=K+S,x=a+ S5,

rew_vx
[ J Kx —

... slip ratio, a... yuaaydng
Ux

* V... ANNNIFIIDIAUEINANNAE TUTANI9TDITEUILAUEINAN EX-TFANS

B,C,D,E, Sy, Sy... mmadwaiWimsnzaniungingsy,
o A 6 o = 1 o = o V24
dupadsidununnuanssiuaes F,, yuidas (“camber”)
WAZANNABINA.

The Magic Formula can describe p, (k), uy (@), M, ().
1) introduction: Bakker E.,Pacejka H.,Lindner L.: A New Tire Model with an Application in Vehicle Dynamics, SAE April 1989
Co-funded by the

Erasmus+ Programme
of the European Union
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Pacejka Magic Formula: anunanaves .
A d UNITED
ARG Y

* D ... 9ng34n

U Q

e BCD ... Anuiln

* Sv, Sh ... lugunms

e eg: Svdue to camber
e Sh fasannllsinglaiauunms

D
' Y / /\ ,Jé X=
L

\ >
y arctan(8cD) X

Fig. 4.9. Curve produced by the original sine version of the Magic Formula, Eq.(4.49). The
meaning of curve parameters have been indicated.

Co-funded by the
Erasmus+ Programme
of the European Union
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msnswlrianves Pacejka’s ONITED

* Fit-function Aumnsnsiuduiuusiazwisiimesi, e.g.
D = a,F? + a,F,

__azFf+auF,
e BCD = ~asF>

* Process to get Tyre Model
* FitB,C,D,E,S;, S, using Magic Formula for each F,
* Fit parameters a4, a,, ... using special load functions.
» Different Fit-Functions depending on version of Pacejka Model

Co-funded by the
Erasmus+ Programme
of the European Union

Dr. Karl Reisinger FH |J‘OAN!\;I‘E\UM 46



S T,
JHENS: AZBUAMINARINS... UN | TE D
* TulmaaNHLEIANIL, * Tumaniamu, nranaas MKS * Continua,
(real time capable) * 3uMKS Hdudaniudausidadense FEM Models
e “Magic Formula” (Hans fuaasuazuniles * NVH n13a1an9
Pacejka), * e.g. RMOD-K, F-Tyre, ... e Tyre nnawmun
¢ TM-Simple, TM-Easy e Offroad, curb stone edge

(Hirschberg-Rill)

* AN laNLANeALAMNEIIARY

%
NN

® Massenpunkt

o 1/mnulkeaasnuu> 1,

¢ Koppelpunkt

% Zugfeder
O Drehfeder v—-IEF
ﬁll Dampfer
Cy
o a D :
T P | https://www.tuhh.de/forschung/fobe
Lauffliche /2005/21998.5-03/w.67.1129626881235.html

Co-funded by the
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https://www.tuhh.de/forschung/fobe

/—>\

F-Tire nveurivwvavauu UNITED

[Gipser: Reifenmodelle i.d. Fahrdynamik, wikipedia]

Co-funded by the
Erasmus+ Programme
of the European Union

FH |JOANNEUM

Dr. Karl Re|5|nger niversity of Applied Sciences 48



/\

/~‘>/—~
UNITE D FH [JOANNEUM

Engineering Knowledge Transfer Units to Increase
Student’s Employability and Regional Development

WLUS19LAE, NITNAFALLLUTIATIILASULLILAIN
TuinadNgauunay, tuinadu bilaanin

Co-funded by the This project has been funded with support from the European Commission. This publication reflects the views only of the author, and
Erasmus+ Programme the Commission cannot be held responsible for any use which may be made of the information contained therein.598710-EPP-1-
G e EnapeEm N 2018-1-AT-EPPKA2-CBHE-JP




Duties of long. Dynamics ONITED

* us9ann (aerodynamic, rolling)

° 1 [~ VL -V~ |\1 p=) PN p=) o’?
SOLSIANINLEI LALEILA LAULUAIAINLSILAURILATAI U *

o ¢ " [~ Y~ M p=) ?
SREUARINITDLSIAMNLEI LALFILA LU ULUBIRN NN ¢

* N5 LENRINULNDULLARDUIIRSUINDENG ?

* Traction-Force Effort Diagram \iauamninnuainsnuassa

Co-funded by the
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usean (Fahrwiderstand)

Climbing resistance

Aerodynamic Drag

Rolling Force, Rolling Drag

Mechanical drag losses due to brakes
and wheel bearings

Losses in drivetrain due to bearings, ...

Damper induced drag

toe induced resistance

Curve induced resistance
(lateral velocity at tire times side force
consumes power)

Fe =my,, - g-sin(a)
Fap = Cwx * Ax 'gvz

Fr

= fr - Myen - g - COS()

ONITED

very high
Largest in horizontal road above 40-70 kph

Largest at low speed, very high in mud & sand; In
racing, aerodyn. downforce must be considered.

Neglectable with proper working brakes and low
preload at bearings.

e.g. a preloaded taper roller bearing of input shaft of
read axle differential costs 0.9% of traction energy.

Very low at regular roads, plays a rule Offroad;
Compare Putzik 2008

must be adjusted within some angle minutes

Low with low lateral accelerations. Usually not
considered in consumption models.

« ... Road inclination angle



Aerodynamic Drag ONITED

[ [~ 1 [ a a’ a4
¢ 59 = AMNAUAMNLEY X ANdHNUTza@NEN19a NI Na X Wu‘VWIﬂ’]ﬂﬂ'l‘ifﬁ

PAlr

° wa — (vvehx + Vamb x) Cwx Ax

. inﬂuﬁﬁfmuﬂiuu
* A2 m?2,c,. ~ 0.3-0.4,

. imﬁamsquﬁm
« A~8m?.c,, ~(0.45)-0.85

o waldd, AudulIFIngs
* A~1.0 m?
A c,~0.5-0.6m?

X TWX

* Loremo (Study): c,,, =0.2

Loremo [http://www.hybridantrieb.org]

Co-funded by the
Erasmus+ Programme
of the European Union
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ty of Applied €

Dr. Karl Reisinger
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http://www.hybrid-autos.info/LOREMO-EV-2008.html

N15IANITAN

UN

TED

* NN maau‘ﬂﬂaﬁmfaﬁﬁnuuumu@ﬂum ATNIT

L5919
i mmﬁﬂu%ﬂumwgu

* + Aerodynamic Drag
*  + nagoyidslulasilanln

* dppuBimanandiull

* uansslumuniaan,

calc. an

dv
(Myen + Myot) 'E: FDrag = Fp+ Fap

¢ W@ﬁmumimiﬂumﬁﬂﬁmm
— 2

Co-funded by the
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Aerodynamic Lift ONITED

dl % [ 1
® LNYUUBINLTLLUS

* glusAaniizanisanaed

* No lift data?

TAuaNTaLLN

FADx: FADZ,F' FADZ,R
Divide by A, oder A, = ¢y, CAsz, CADZR F
pAlT' AD x
¢ FADF/R = (vvehx + Vamp x) CADF/R Ay \
or
PA
* Fapzr/r = = (vvehx + Vamb x) CADF/R A,

danasaula; qaéaémm‘imLmemuslfnwuwmvummu A,

vita A,

WINNANTUNLN SLumﬂmq,munuu

Uszaaunng Cppyx

ﬂuﬁlﬂﬁ'uﬁ\l’]Mﬂq?ﬂJ@\iLL@WW@Lﬂsﬁ‘HLL?Q@qﬂ@’]ﬂ’]ﬂ FADX
ZQ’WWEI“LI MAD_’)/ = FADX hAD
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yunaaves Allembert Traumsae 9 ONITED

1. 1% CS luagaeduueni

PRIy
2. Tvasanlt
*  ANUAZYNNIAY
* dwinG = Myep * g
uiilugdaulsznay

A

3. wlafulnandauuulauniin Fyp guazusens
E, Tngaunsiieaiin

° ZFX = OJZFZ — OJZMY =0

F.r F * 3ldntindudadad niuNamNaastnanan el
X o LY
/ ANUIULIASI.
wh 3
a i Fr = (mveh g COS(Ol) + Fip + FLR) ‘ fr

Co-funded by the
Erasmus+ Programme
of the European Union Myen * 9
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AIDEN e

v A UNITED
ﬂ1§ﬂ§$§]1ﬂiﬁaﬂﬁ@ﬂuu!§ﬂ‘u

* +M g Xce — M Ay Zog — FzF lyp =0 withF,,,r =0

Ebor
e F,p = g— —m ax .. Lin. Equation
lwb lwb

Fzr XcG QAZcg

mg lwp g lwp

Fzr _ XcG , AxZCG _ Fzr x X
. =]—-———=4+—=——=1—- <
mg lwb 9 lwp mg
. FzFo __ XcG
* PINNITNITANYULILANN | = = 0.56
mg lwb
* NMINTTANLLLLADA vi/maa 1 56%/44% - b
- . m F.
* nsnszansuuylauniin uihmds @—10 = :80.5%/19.5% Fzr ZR
S Myen * 9
dl dl [ 1 1 09/ o 1% 1
* MgngEANELINNMNNzANNgA: Tudnidlusiatiutinusnuesde (aziaaadnlainly v

RGN LR
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Influence of rot. Inertia ONITED

o fiagennnudy i ldnganuaaiidnllludouivauls. e E _vl! 2 _E
) kin,rot — ZEJL W; = Ekin,mrot

o 9fagldunawinlnineaziane N 1NN IHAININAAAY 1T AN 4 . .
| J .. annupetmaya/lsmas, o

208 ?
o >~ U_x
Wwheel = r
e
NN UAZFBNLTA0LATaEIUA LiatinLfefaeeng ] * Weng = Wwheel * Lgear
Myep " Ax = _FDrag — Fetimp — Fxrire 1 2 1 2 2

* Emrotvx — 5 Ueng " Weng + 4 ']Wheel | wwheel]

(Myen + Myor) - Ay = _FDrag — Fetimp — Fxprive

— ' 2
Myot = (]eng “lgear + 4 ']wheel) ) 1"_2
e

b

&1ATYNIN, B929IE0
=l

*  drAynanluinasen

* Miot = Myep T Myt = A- Myeh,
1.0< A< (1.4)
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@‘VIﬁ‘Wﬁﬂl’é)x‘]’t’)ﬂﬁ"l‘i’lﬂlﬁﬂﬁ!m%ﬂigﬁ‘l’lfﬁﬂ"l‘l/‘l UNITED

I ° ¥ Aa a P
* naziniNefluaaNARAENINUARILTATNRNAIEUNG o 1sz@nBnn Ngear = P"—”t
in 3
LL@SL@’]MV\!G}LV}W‘H‘LA. ° LﬂﬁﬁlWﬂ%Nﬂ?”Iﬂﬁ]uN’]ﬂﬂ'ﬂﬂuWfﬂ‘Vl'?]’]Lﬂu

® ﬂW?@mL@ﬂW1NTuﬂUﬂW?”Nﬂﬂﬂ@ ChNEl.

e P=M-w

*  ANNNIEIZI UNTARN

LFIANNNET, TN ALTITL
o isavauddeinaslldede; In: Pppg, OUt: Pypeer

® AIUIEIFN UINLIAZS _
¥ Pyheel = Ngear * Peng

. Iﬁ;ﬁlﬂﬂgﬂm’]ﬁ]Lﬂ?@ﬁﬂ%ﬁ@tgﬂﬁﬁﬁumiﬂﬂLL'j\‘iﬁﬂ9 o usndasiAiasend, coast mode
LATRNEURLANIEA. o degerinasliiiudseseud; Out: Popg, IN: Pypeer
_— 7 ° —_— .
Weng 2> Wwheel) Weng = lgear * @wheel Ipeng Ngear * Pwheel
" . o/
igear > 1 Taevinlal

Pyheer = nlgcear ' Pengr k = {
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UAHMNUTINA UNITED

0 o o = Lo & T A 1. G Motormoment
@WM?Uﬂ’]ﬁ‘Lﬂ@’ﬂu‘V]LLU‘]_IllQ\ILNWJWNL?Q. m\
“ ’n
Fx in KN 4. Quadrant
A Schleppmoment

Torque vs. speed of an engine, T ... engine torque,
n ... engine speed [Wallentowitz06]

Power hyperbola
I:Pmax = IDmax/v

/ ideal CVT (=Continous
\\

~ o Variable Transmission)

—
—
--

\Y; ig km/h
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UN

TED

1= 1 <
¢ VLNNﬂW?L?QﬂQWNLﬁ‘Q

Traction
offer

Fx in kKN

A

Acceleration
reserve

Needed effort

40% Inclination_ - ==~

—
___—

i — . .
==, ~\ i; Overdrive

vV Vv _
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Vmax,5.Gear Vimax v in km/h
Dr. Karl Reisinger

FH HO

ANNEUM

niversity of Applied Science



Tractive Effort Diagram, eDrive vs. ICE ONITED

o uninubiugs= lulinas

 M(n) characteristic fits |
Fx,in KN

perfect for low to medium | o P
speeds ) i -

* 2 gears increase efficiency at 'ﬁ\ N ot ine - =
highway speeds - | =

* Drive can deliver braking
torque for recuperation ©
— avoid wheel lock up!

- -
\~ ”
— i~\_
- - . 7-—_
4

max v in km/h

>

cyan: Moment of PMSM with same top speed in 4t gear
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Backward Simulation Model using
Requested Trajectory v(t)

UNITED

* Given
o anwazANuElun1sdu V(t) .
* nuw ANRes (S(t))

Wanted

LLN'].IWLI@QL@?@QEHG] ADNLIY

¢ COﬂSUI’T]ptIOﬂ

* 1154, WA lussuLAINIAIENTUNITNAZAL
ANTNAN

. Prellmlnarles

¢ mmLm@wummw’amvmmummm‘m
NIMUA

Y o . d
* daliaulna watluarmniinauaes
Fx(sx)
Co-funded by the

Erasmus+ Programme
of the European Union

MATLAB (Octave)

Dr. Karl Reisinger

e Solution

sauANEe V() iusae =2 svaznig s(t) Wdmduidea (s)
ANLANANIIR9ANNEL V() Eeia =2 Anuse a (t)
wANNTNUANITOAY =D WIegARIN FxTyre

wannsluusudom = §a/maswank,
Fx,Tyre
F,

AANLszANEN1IRRaN Uy =
aneuzannauia 2 S, (Uy)
o v A Y
nannstuuiiaady D usegnain Fy prive
o« wdy o ed d o
AaaNRe, NAITILATENELS
wiigsz@nsnmn/unufinisisTnatinfude mas
=2 Fanag/n1rldnasens

FH JOANNEUM



NEDC ONITED

T 5000 Engine Speed Efficiency of electric Motor incl. Inverter + Battery, Cycle: NEDC
E ' L L L " M i 4000 ; : :
[¢D)
o
o Lan/Aaan/Aan /e n /N r .
£ 0 200 400 600 800 1000 1200  140C 3000 1
AT Time :
% 10" Engine Power 2000 <
5¢ T T T T T T 3
[<5)
- r r r r r r Iy o
0 200 400 600 800 1000 1200  140C 5 ;
Time "'C- 0
Losses .0
= 4000 L L : : : L F 9
& 2000 - M . £ 1000
|- N S I N I O T O I e A -
0 200 400 600 800 1000 1200  140C -2000
Time (s)
< Average Efficiency 0.78831 -3000
g 1'Mmﬂ“4aNAFAANA“‘Mn ﬂ‘z/\_n’;ﬂ_/mwm“ F
[&]
gosC ) Ity = - - - - -
é O r r r r r c '4000
i 0 200 400 600 800 1000 1200  140C 0 S0 100 150 200
Time (s)

speed, kph
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US SCO3 UNITED

= Efficiency of electric Motor incl. Inverter + Battery, Cycle: SC03
)1_:'/ Engine Speed 4000 - - . c
5 4000 r - .
r 20000 M ﬁ ﬂ m 0 3000 & £ N\
2 0 200 300 600 - oo 9>
= Time . y
: x 10" Engine Power 2000 o \%@
g 3 W\NMMW- Z— - | %'-
g o , , , F , . g 1000 o :
o] 100 200 300 400 500 600 S %
Time LL = e :
Losses g 0 = = A0S
= 4000 . i) \ﬁeég?
2 5 Z Sl 8g, 0807
§ 200(()) AL»%MW JWM WM . MMM ] s -1000 : , G
- o 200 300 400 500 600 - /{4//
Time (s) -2000 ® - —
3 ( Average EfflClency 0.72277 \eﬁy
; 1r I T T A T - Jﬁ T RTINS b >d) g
s T T T T 30005 Lo % ;
= o] 100 200 300 400 500 600
Time (s) -4000 © - i - -
0 50 100 150 200
speed, kph
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i
Y Y o o d =
aanauUUd eI laaly lases UNITED
* Driver (PI-Controller) e
* In: Vpeq (t), v(t) out: Accel. Ped. AP " 7 gear |
* Engine ) = Muee
* anwnuzAwse M, .o(nMot, AP) & %ﬁ
* 1storder delay 2 M,,,, Cls:Css Wmoe, ©ctutehr O Vx

. 0 o .. rot. only, 3 DOF
LULRNNBAIVRNE R

* Rigid bodies, 1 DOF each Vx

e e.g.: 30l wawmed, pand+ines, &a
* chassis: 1 DOF in x

e connected by massless force elements
* Clutch + torsional springs, side shaft, tire model

Point mass model
DOF=1

Co-funded by the Si mu I i n k
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wanmsuntfern ODE's ONITED

* n DOF: n aunaidsayufansinyldimaduaasdanaui 2

Start Simulation at

‘ Initial Condition

q1

=

v

1 9 . . .o
%ml 191,92, -, G, G1, 92, 93, 1) 4

¢ 1 . .42
e =Em2 f2(q1,92, -, qn, 41, 92, q3, 1)

-+
o
~+
o

\ 4

| — e || ) —
Q. .
N
| — || —
=

~-+
o
~+
o

\ 4

T mn t

t q'n t
1 . . . q 9
"3 fn(qlr 42, - 9n, 91,92, QS't) - *J; --r *J;
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Practice Backwards Sim. Model ONITED

* PracticeBackLong.m

use MATLAB or Octave to run.
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PracticeBackLong.m

Discussion

UN

ITED

* 1Alsnsangu 4-5 naw wxanalinanlunliuszndeuniinenae.

* AuNUIATDNAa LU

di 4 dl [}
® LUINNWNNITARUDY l Tuiadanuiuziin

v Y

ZeNR

[-74

unwanataevialy (NeUAULHBINBATNTIN)

o/

* idq

S Sh

anannge ldAnIdnAny.

® NITUNAUBLATANUIUNAANTUBIATU.
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* Milliken W.F, Milliken D.: Race Car Vehicle Dynamcs,SAE Int., 1995

* Rill G.: Road Vehicle Dynamics — Fundamentals and Modelling; CRC
Press Taylor Francis Group

* Heilling/Ersoy (Eds.): Chassis Handbook, 1st Ed., Vieweg+Teubner,
2011.

* Mitschke/Wallentowitz: Dynamik der Kraftfahrzeuge, 4. Auflage,
Springer
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= =

wadaaununnlunangasifayaas ONITED

. I x v o
':'mLﬂ@@ummﬂﬂummmummlL@m?
— aasunalaald Single Track Model
* w/0 yuadilens = Ackermann Kinematics
* AN NTaNTaNyNAALlHNg
. ﬂ”ugm‘l,umwmum@m@Lﬂ?ﬂlﬂuﬁz‘ém%ﬁume'mLﬁ'mL%«féﬁu
. wqﬁﬂﬁwzﬁ“ﬂﬁémmn ODE-System

Understeer behaviour?
* nmagey, Wi, Understeer Gradient, ansnazasnnsidinges

Two Track Model

* anuBauddeluusaryn el e usRLILATIUIINA9TN
* Ackermann Steering, unumaasaauuaANeg

Vertical dynamics
* Comfort, Quarter Vehicle Model, Road Description (Power density Spectrum)

nnsanaes: liinanih, fiaunau., yuuassa veDYNA (TESIS)
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autna/TsunsulamndiauuanaluldsunsuiSaanin UNITED

o msanalawtinveingednuiiie

o wnaruiignesiy, lignesiy

* ANINALBINTTUNURAININNUALAZILUNTITBITINAN
* ANUNINATLINNLBILTUNINUL

* G-G-Diagram

* Milliken Moments Diagram

e Ride — aif3viava1suay Damper
* ANAzAINgLNg, AHNUaaielunsdua

* NN93ANARN
* AVL/VSM uuanailfiisinaliflisudiasadean.
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saumanilusziny X-y - Review ONITED

* anud 2 9pnganiy P,Q
| = & T ¥ -
¢ INMENANNET Up uaznyubing @ = @,
o azlipnuEuiu QU, = Up + @ X
— — —
Tpg = Vp + w; - PQ - &y

o arwdiluianens PQ Wideuudas, &

e NaREITGNIES -
° = - 1 v A dJ < Q or |C -------
HYALANAUDELATINANNYIUN TIAN1TANBITY
o o . Instantaneous
unnuwudune fanteazuyullsane.
a centre

v
%4

*  AnuBAazIdRdIR N ULERRe QP uaz

QQ
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Task: Velocities w/o and with tire slip angle UNITED

o dmumilugu Single Track 1%ideade

dlusiaunuaasguidnaassa,

v @ a7 Qs
* °lmﬂuamq::mﬂ':mmuax

< . .
* Aanusimne vV, = const, tire radius 1,
*  suaa L, p, Auinarsuacusalunnasia Xog UULWAITIAY
a3 a
* AnMaRantinlag &
*  annAduTyNaatlang

Scenge A: \uasanmsiraauddi 1s1asle lat s anssauasyuad
P L4 1 2
densnnastinlaile.

Scene B: aaa1e aAnaseaudnein litnagsaLaasdaneansny
wRausnbUNIeAIuE. aslaynadatlanandldmesmuaan.

e Wanted: aunisdusuain A waz B 4115y

AN Ry szaznne y 229 CG 29 IC

A% R 03 CG

yusalaassane B, yuszuing Ve uaz X-AXis
ansmaium P

anagalu CG

anasaaantir/rear neglecting long. slip.

Co-funded by the
Erasmus+ Programme
of the European Union

ALLUZUN:

1 < d v - %
mamwLﬁ'ﬂugluﬂammzmw IC.
LL&”J@m%wumuLuaﬂmﬂumn.

E TR TR

y

Xo, Yo - Inertial CS, x, y .. Chassis CS
W.. Heading Angle, Yaw Angle,

f + W.. Course Angle

Y = w,.. Yaw Rate = rot. about z-axis

vx
CG
lwb
A
)
XcaG
[ ]
L R S 4
- Yo
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Scene A), no tire slip angle ONITED

X
* R,: Triangle CF-CR-Qy4
tan(6) = lw—b
R,
. -CF
* R, B:Triangle CG-CR-24 y
X 3
2 CG .
R* = R} + x¢g, tan(B) = R I
y
[ ] — — — vy'CG CG
Or vy ce = Vs Vy,c6 = XcG * Wz tan(p) = P
« ¥ R:Kinematics with ¥ = w, ’_ Lyp
. : U, -
v, =R, W, v.c =R -W = 7 w >
* Y ¢ COS(B) // ///R ‘ Xca
* w,,:In tire coordinates, no long. slip
v? =L=re-ww,,~,v£ = VR = Vx = Te " Wyp, Q) /:i// U_R)
*  cos(8) x A LA 2
CR
R, -
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Scene B), with tire slip angle ONITED

A ]
X
o eaiflulimuusianene> df, Ag Flulmeadeadns
* R, xyc: Triangle X-CR-Q + Triangle X-CF-() “AE
X Ly, —x V. NI
tan(ag) = =< tan(6 — ay) = 22__~I¢ .| CF
R, R, Vr @
* R, B:Triangle CG-X-Q . X ’
2 2 2 __Ac6 — XIC '
R* =Ry + (x¢¢ —x10)%  tan(p) =—F—
y -7 : /'/. _— . F
° e -7 ./_/ vCG CG acc
=Vx = ”R cos(ag), Vycec = —Vr -
Sln(&RS XcG - Q
,CG ol ’7//,//;7
tan(g) =2 e N X b
x CG S . ./_/'
* ¥ R:Kinematics with ¥ = w, XcG
: : U, e
v,=R, P, v=R-Y = S
x =y cos(B) RN XIC
* wpy:In tire 1c)oordlnates no long. slip Op” y e | &7
_x T
Vr = , VU = Vr - COS( O =T, W ,
F %'os(é') x F (ar) e WwF --CR
Vpy = Vx = Vg - €COS(AR) =T, - Wyp R

Co-funded by the
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CG ans1sa ONITED

+ P..Origin of body fixed CS, this CS rotates with @ = ¥

. . . X
* CG.. center of Gravity of body, Velocity v pointsin dir. ¥ 4+ 8, rotates with W + £ in z-direction &
* Position T =Tp + Tpcq

. —_—
® Velocity Veg = T'CG = ﬁ; + Tpcg + 5 X Tpce, vG

with Vpce = |T‘Pcc;| -e, =0: Vg = Vp + W X Tpcg,

e Acceleration

aCG=a_p)+apGG+5erCG+25XvPCG+5><17CG

Ace = Acs + Qrel + Gpuier + Acoriolis + QAzentripedal R/"
With apgg = Vpce = 0, rigidly connected /’
Geg = @ + & X Trog + @ X T2, 0
Generally & = ¥ # 0, aZ pointsinx and y orlC el
. CG acceleration doesn’t point to IC | nstantaneous | Tl .
. Longitudinal acceleration: acg, # ap i
. . T . center . !
. Centripetal acceleration: acgy = i Ve - (W + PB) .. see also Mitschke Wallentowitz S. 552 rCG i
. p #* R ... p curvature radius of CG path, R ... distance CG to IC \ i
Steady State G=9= 0,v, = const, B = 0,8 = const ... stabilized circular driving \\j
. CG acceleration points to IC
. p = R ... p curvature radius of CG path, R ... distance CG to IC
. Longitudinal acceleration: acg,, = 0 X
2 . .
. Centripetal acceleration: acg, = VCTG =veg-VY=R-¥
. . I . e — T . . L X ..
Co-funded by the Please dlfferentlate.. Turn of vehicle: @ = ¥ pointinginz Y 0 Origin
Erasmus+ Programme Turn of CG velocity: ¥ + 3 gives centripetal acc. FH |JOANNEUM
of the European Union University of Applied Sciences

Dr. Karl Reisinger



NI NI ONITED

Please differentiate! Turn of vehicle CS: ¥ ”‘
Turn of CG velocity: ¥ + X
v(t + dt)
________ P\
O
g T + 4P v(0)
Qoric e /0 m
Instantaneous ﬂ
t S P —
centre 7(t + dt) v (d¥ + dp) &,
0 7 e
v(t + dt) :
0 av +dp — 17O
Co-funded by the [OARNELM
FH |
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Kinetics1: "
v W "\ Y Ul\” TED
ﬁaﬂmﬂmuuﬂw‘mmu

X
Position 7(t) = (y)

5 i °
Xveh O
For ‘m C_l) = FF + FR
Fyr Ay Fxrr Fyr
B *m|Qy |=A-| Fypr |[*| Fyr
Vv a; 0 0
yVeh<—
> -
o acp
_ cosé sind O
AFXR * A=|—-sind cosd O
E &(L 0 0 1
N
Co-funded by the
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Kinetics 2: .
o v ~ UNITED
ﬁaﬂmﬂmuuﬂwmqu

0 le cosd§ sind 0
5X °IZZ-Q=0><—sin6 cosé6 0]
e g 0 0 0 1
For Fypr —lp Fyr
- Fyer |+ 0 | x| Fyr
5 0 0 0
Y
yVeh<; .
. acp i IZZ Y = (FXF,T sin & + FyF,T COS 5) y lf — FyR . lR
AFXR
F)&(L
N
Co-funded by the
Erasmus+ Prograr);me FH ”OANNE\UM
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O B Thee

d o Y _—
%ﬁuWﬂﬂ1ﬁﬂﬁﬁ1ﬁﬁﬂﬁgN!§ﬂ, ax UNITED

X
*m-a, = Fyp+ Fyg
*m-ay, = Fyp+ Fp Fyr ﬂ‘
¢ I l‘IJ F yF,T lf yR lR ‘\—
i
cG May
1'—
R
R
y «—‘»——
FyR -
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Linearized tire Model

ONITED

Example: ¢,1400c16 lin. approach for tire C16, Fz=1400N

\
Ca1400C16
a0 a ﬂ\\\
N ——Ci6- F SO0 N 10 IF: B0 kPA
\
N ——Ci5- Fo BOO N7 14 0 IF: B0 kPA
\
3000 N ——Ci6- Fo: L4000N ¢ 1A 0% 1P BO kPR
\
e == ——C16- Fx: LAOOM/ 14: 09 IP: BO kPR
— C15- Fz: SO0 M/ 14: 00 ¢ P 30 kP,
2000 e
- ——C15- Fz: SO0 N/ 140 IP: 5O kPA
—— . ——C15- Fo: LA0OVM / 1A: 00 1P B0 kPR
1o ——C15- Fo: LA0OM  1A: 00 1P BO kPR
= =3
2 o
= -
3 .
-
- 1000
-\‘_“. - —
o
=0 C16 C15 N -
. m—— .
Tee——
VS.
T 1 —
-3000
- 000
-10 & ] 4 o] 4 g H
slipangle [T

Source: Continental
C15, C16 2 types of Formula S racing tires

Co-funded by the
Erasmus+ Programme
of the European Union

T __ /
Fop = ap - Cop

_ /
* Fyr = Qg " Cqr

/ ' 2 em
* Cq ... AuEAHBENTAYINDIN9UT 1R

mmgﬁﬂﬁwum (:mm‘d@uuﬂ“ﬂm?zuuﬁu
dzinan) G
¢
* ¢, = f(F,), lgnéias F,
* dapq9an: 190d 2 Rasamanivadeinmindauay ag
NI TN
VR

- Fyr

FH |JOANNEUM
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aumwmmsmﬁau"lm

2 ODE‘s of 1. Order in 8 und ¥
,B _ _ CaFtcar B+ (CaR'lR—CaF'lF B 1) Wy _|_ CaF | s

mv m v2
2 2
. — _ CaFlrR=Car'lr B — Car'lR=CaFli jy 4 CaF | ¢
IZZ IZZv IZZ

B=fi-B+f - Y+f3-6
V=f-B—fs - W+[fs6

= f(CaF,R» lF,R'mr IZZI U) * f(t)

Co-funded by the
Erasmus+ Programme
of the European Union

atnANAANSY o lumisda.

daa

/>\

UNITED

Iﬂﬁ‘ﬂ@’?ﬁ‘ﬂﬁ"]\‘] WATNIINNLAASNNENENG

a3 1B siuunagngls !

*  dARNNANINAAUANRNT

*  QAUANART
* ¢
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wseaveniaenuy Force Excited ONITED

* TuNUANTLAY mx =—F,4 +F,
* ANNITAIA F.u=4cx+dx ¢ Fe
. c a . Fp m =
* ODE X=——x——x+—=
m m m
v
d X
* NIAUNY 71 =X,Z1 =X
® Zoy = .9.C, ZZ = X
; 0 1 0
Z Z
* NARNS 1) = c d (1)-|- 1) -F
Z) \—= —=)\z) T\~ Te
m m m

Co-funded by the
Erasmus+ Programme FH |JOANNEUM
University of Applied Sciences

of the European Union
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NYANIINVDIINBBLNE A

ONITED

* 2 ODE‘s of 1t order in § and ¥
. ,B _ _ CaFtcar B+ (CaR'lR—CaF'lF - 1) P 4 SeE s

mv muv? mv
2 2
e P — _CarlR=Car'lF B — Car'lR=CaF'lF 4 CaF s
Izz7 Izz v Izz

» State Space Representation
. ﬁ') _ (r G2\ (p (bl).
(a') (a21 azz) (a)) T b, 0
* Compare to single mass vibrator with force
exciting

()= o)+ (2) =

m m m

Co-funded by the
Erasmus+ Programme
of the European Union

* sruuudnsuNdAuazineugaitasruLldanes

* Parameters
*  anudalunsdinlis
* mAumdsras CG
* wam, Awisenl,,

* AN
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Dr. Karl Reisinger

16



NMSNATDUTINTY

Steering Angle

Yaw Rate
<
2 o
<y
<.
o
2

~ 09V

—~

\

Lateral Acceleration Body Slip Angle

=
i

A
~<

1
1

T
Ray

Co-funded by the
Erasmus+ Programme
of the European Union

[ HeiBing02 ]

ONITED

L4

adaAMaEIAen U, = const
* Body Slip Angle B(t)

o dnsmavium P(t)

*  mMessANNIEIAUTNg ay(t)

[~ Y3
ﬂq?ﬂ@Uﬂuﬂﬁm@\?ﬂLmﬂWQ\?Nqﬂﬂ
. mMsALANLaLLR
* AR IUNITLENDN 90% UDIANHATULANA

e Overshoot U
°*  ANADIUZA

* Sine Input
. INAMNDRUNANIINAET 9 uRsdalag
. Samasnausuas B(t), P(t), a,(t)
. 14 Fast Fourier Transformation iiaa%1 Bode-
Diagram
waans: Yaw-Damping, Yaw-
Eigenfrequency

FH |JOANNEUM

niversity of Applied Sciences

Dr. Karl Reisinger
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Sine Steering TN

SR60 Torus Steering Robot

https://www.yout
ube.com/watch?v
RrhctXIJKU&t=

!

Co-funded by the
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https://www.youtube.com/watch?v=_RrhctXIJKU&t=8s

Steady State Circular Driving ONITED

e auflusaddnssnaainalnlasai R 5

0 =—+ (ap —ag) = 64 +(ap — ag)

x|~

o 4 Feuiulwietamasuadtanamii,

s 0 Fosanyuadtlenmaal

* Using single track model:

l v,zc 1 lR 1 lp
=E—tm—_—\|\-— -
/R\R,,c,,plcaRl \
Ackermann E,=m-a, Correction
Yveh «——
' @ v 1% a & @ A o oa vJZC o

* N1FLFNANHLTIATUTNINNNTUATNANNLTINTRTAN & ay - R_y .{{,
* If we have to
. steer more, (ar > ag) = UNDERSTEERING
. steer less, (ay < ap) = OVERSTEERING

. Otherwise: NEUTRAL

v o ! = a aea ¥ o v '
° ﬂ']‘il,‘ll'ﬂ:ﬂsi CaF/R ‘J'JSJENﬂ']‘iﬂg:]‘ﬂﬁlﬁl’]N‘ll’ﬂﬂ’]ﬂuﬂ‘ll@siil'NLLﬂt‘ﬁQ\‘Iﬂ'N

Co-funded by the 1
Erasmus+ Programme ! FH |JOANNEUM

of the European Union niversity of Applied Sciences 19
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Steady State Circular Driving Test s
. . UNITED
with constant Radius

* ADUTAIN: N1TLNANNBIETENAZTUARUNNNANNAZAL. P N
y 3 :

e Anvineldiaglussnauneasy (R=40m, 100m) Y o s g Ao N o
o - B linnerlsme azlfnandnamdunsuaridnadatianas.
o Lifimawasuudasnistuan laigaun.

o e
e dndy 1(735. a, < I|I 4
e Oy = i_’is .. SR MAAYF
S
dlap—a 1 1 1 1 .
. UG = Herzar) _ (,— LR —F) .. Understeer Gradient
day Car | Car !

 Understeer
a2 A, das
* Jupedemmasnig, — > 0
day
* Qversteer
° o o o A ) |
JuAaIFfaanantac lusnuaadas |
e asuannulanefARsFuULTENUNARNAY 2TULTUA ADURAUAT L UED

\S{eering Wheel Angle 6y

Test Facility > 1)2
1= a .
[www.magnasteyr.com] laifenagad La/y Acceleration Cly = ?
Py I g _.'-_ » 2 d’j o k% 1 a :/J dl |
/ : &y 4 o ma‘mmm@mmLﬂummagum\m@ﬂm l mzummuima.
Co-funded by the | ¥ & Y . ! '
Erasmus+ Programme .  F A R / FH |JOANNEUM
Of the European Union . ’ - £ v y . - University of Applied Sciences

Dr. Karl Reisinger
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Aa A a wA U = vV U :q:’ UNlTED
@‘nﬁwaﬁummsﬂgummmzuuﬂuazm@mmzmsmﬂmam

* “nalfiiRen=1/mnuiln F A

|
d,,
17 a1
Co-funded by the [Pacejka H.: Tyre and Vehicle Dynamics, Elsevier Amsterdam et. al. 2006 ]
Erasmus+ Programme FH |JOANNEUM
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Yaw Intensification ONITED

e an1azAsh Yaw Intensification
g v

Oversteer

“© |
Y 35 = |
lwb"‘ﬁ'vz a0 i Neutral
y < |
QD 1
. = :
* 1% ODE dwiulumauwndnipaniialiléun o
® TNLNAL %
y 0 : 5 Understeer
* UANMNINNGA Verit § | o
* Understeering Cars P
* HANMNIEANHUZIANE Vopqr, AINENRDLALDS — ng v; " -
i

1A [ vaa
FlaBuNANINNIAL LHANgA Lat. Acceleration a,,

 65km/h< v, <100km/h

Co-funded by the
Erasmus+ Programme FH |JOANNEUM
Uni
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Understeer — Watch the steering wheel UNITED

7

Statische Kreisfahrt mit untersteuerndem Fahrzeug

rasmues Programme. Nttps://www.youtube.com/watch?v=pWKCilizzkU&list=TLPQMijcw FH|JOANNEUM

of the EUrOpean Union MTIWM i DUZSYSG CVbJA&indeX:z University o f Applied Sciences

Dr. Karl Reisinger
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https://www.youtube.com/watch?v=pWKCilizzkU&list=TLPQMjcwMTIwMjDU2sYsGCVbJA&index=2

/_>\

Oversteer — Watch the steering wheel UNITED

\/

Statische Kreisfahrt mit Ubersteuerndem Fahrzeug

o0

Co-funded by the
Erasmus+ Programme https://www.youtube.com/watch?v=pWKCilizzkU FH|JOANNEUM

of the European Union University of Applied Sciences 24
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https://www.youtube.com/watch?v=pWKCilizzkU

/\

(oY) d o 9 A J A J
W’N?JTﬂfJWTJL’J@TV]11ﬁlﬂﬂﬂ1§1@l’)ﬂﬁﬁl@ﬂﬁ UNH—ED

Erasn?l?s-iug?ggr:ryntmhz https://www.youtube.com/watch?v=shwgNV36xFA&t=4s FH | JOANNEUM
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Centre of tumning circle
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* Torque Bias Ratio (US)

TBR — maX(Ml,Mz)
min(Ml,Mz)’

1, typ. 10% - 15%

0:1 < TBR < 10
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What does AWD? ONITED

Raifen: 20560 B 1%
trockenese Soralfe — — -
Fadlast =424300 MM 2 | - ———— — -
Sturz = 0 -
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=0 mar i F, 4000 N 2800 N
5000 F, aus a, 2000 N 2000 N
” Sy 20 % 5%
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i a 6° 3°
pelele lng AR LLINFTHNEND
= _ : - less long. slip
zooo — JFE e I - tire can transfer more lat. force
- less lateral slip at same side force
T 000 AWD dsnasiayun1sauaedeauin/maiuaznislasyayl
Understeer.
i
. © 5y 20%
o FH | JOANNEUM
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Moderate braking dropped throttle

Note: % tire = % utilization of available horizontal force.

LR LF
slip —4.08 Left slip —-3.99
incln —1.67 incln —3.28
S%tire79.2\ b ) L ieeayes. X % tire 76.9
nml Id 1163 nml Id 1468
Normal ! .
oad on ’ i
wheel) : :
[ |
Rear s i ekl canieil i o] o - Front
I Vehicle :
I resultant |
I |
I 1
RR I | RF
slip —4.66 J 1g : / ! slip —2.61
incin —3.33 @ reference Vil incln —2.33
% tire 86.6 Point ol o % tire 72.2
friction
nmi Id 317 A Right "circle" nml Id 445
delsw (0) beta(B) Ay Ay Cy N Vv r R phi ()
deg. deg. g g = Ib. - ft. mph  deg. / sec. ft. deg.
13.06 -3.761 -0.318 0.757 0.0 0.0 60.00 15.63 3234 -3.100
Rouelle C.: Advanced Vehicle Dynamics Applied to Race Car Design & Development, www.optimum.com FH | JOANNEUM

University of Applied Sciences
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Figure 1: Morgan Three-Wheeler, MY 1932 (Wikipedia)
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F=WA, A *FLp=m, E T h—iGay]
1 Fy = mya, W g1 * tipoverif Frp <0
w e Ansnaaan179zduludnuzAgsa; TUA!
"= = (except camber)
. m”mqmmm@mmfmﬁfﬂE-ﬁmvi‘fiﬂLL@;';Eoﬁméum
/LT N - [ Tuagiuansdiuninngs CG wilanuusie

| 5 hcg
W, F, = Fuy + Fey W Fy AANTNTBITN, —=

t
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1 1 =\ v
Figure 1. Free body diagram of a car, rear view. @Q N@ m@iﬂuﬁuﬂﬂl@\‘]j‘ﬂiﬁ *

(http://racingcardynamics.com/weight-transfer/)
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Suspended mass center of gravity
@ Roll center

rigid vehicle
O
, Q
hdg
o
suspended vehicle
©
/]\ ®

he| e ] = ] [

WT of suspended mass and non suspended mass
mgy - @, - h¢cg makes the car flipping over
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° ey _
* 4 é’famﬂmuﬁﬁﬁmumW,?’ﬁLLuumﬁ. Total Weight
. ﬂm@mwmiﬁﬂgmﬁmﬁ. Transfer (WT)
°  douiseneusig Qﬂ?zﬁu‘lﬁmﬂmﬁqﬁmﬂﬁmﬁu
* %o, hub, ... 2 &9 | |
e chassis = suspension + tire Non
* influence of roll centre (RC)? Suspended WT Suspended WT
* nlna
*  wiedszunEudy
°  AvtlwgnAasanuisndauamaaea lf —— “Elastic” WT
*  uiatlu
*  Non Suspended WT - tire, wheel, %
suspension
*  Elastic WT = chassis mass rotating about RC ~ “Geometric”
e  Geometric WT = chassis mass applied at RC WT

Co-funded by the
Erasmus+ Programme )
of the European Union www.optimum.com

see also: Rouelle C.: Advanced Vehicle Dynamics Applied to Race Car Design & Development, FH |JOANNEUM .
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RC height < CG,,, height

mp NS WT
=p S Geometric WT \ —
\ Cg8q,
P
. <=0(Ce, )
Geometric ENfm
=g A | —®
+ Elastic S W1 e
-
vAZ = CYsMm height — RCheight
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Non Suspended WT ONITED

* actually tyre suspended WT * e.g. Rigid Axle

*  LANTUNATNLAZINA RS

*  AMUNATAINAN
t
M, 2 AFZE t2

Croll =

oy  AfTyre 2 Z _AZTJ/TQ +AZTyre

t
2
* ARG

- quick WT
e No ARB-influence

__ Mpys  hysmpys
AFZ,NS —

Co-funded by the
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WT of suspended mass and o
UNITED
non suspended mass ||

* Non Suspended WT —

NS
AFZ,NS = TmNSay MSE
e  Geometric*wr A 5
h ) a hey — h
AF, o = RC Moy a . smly RC sM — NRrc
Z, y
t -
N
 ,Elastic" WT \TFS@T/
hsy — hre <----8  , h
AF, op = Moy a ke
z,SE - SM™y CGNS hNS
* Non Suspended WT uay Geometric WT vineuléazinegmniia,

Elastic WT vaudinas, ssuuiuazinendiesdnag.
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Wheel Suspension: Roll Centre ONITED

1. Connect instant centre of
motion of the wheel relative to
chassis with the contact point
on left side

do same at right side

we get the Roll Centre at the
intersection of the lines above
(is not at y=0 in turns due to
roll motion and asymmetry in
the suspension!)

r Co-funded by the
x Erasmus+ Programme FH |JOANNEUM
University of Applied Sciences

of the European Union
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Roll Center Ro wes Double A-Arm w3au e
. UNITED
Anti-Feature

1. qn C: siaunu 23 Barszuny €4 3zunu
Auiuie 1

2. qum? Cupzrl Vl,ﬂm:rvu;ru Z-y-1unniu
AudRalLaziansaqamaIifioudy gy .

3. an D: daunu 56 fussunuszuny auuiy

4

4. Tasanns D LAY 4 ENIZHNLLUIPWIN Z-Y-R1
Audnavfalazmansaqaaifioady g-.

7 Konstruktion Rollzentrum Ro

1. Seitenansicht: Punkte C und D = Schnitt-
punkte der Drehachsen 23 bzw. 56 mit der
Senkrechten (Parallele zu Z-Achse) durch 1
bzw. 4.

2. Ruckansicht: Querpol P = Schnittpunkt der
Verbindungsgeraden CT und D4.

3. Rickansicht: Rollzentrum Ro = Schnittpunkt
der Verbindungsgeraden PW mit der Fahrzeug-
mittelebene.

5. qarntes gq, war g Wianduinat P Y
mmumﬁ‘mmmﬂmwmmﬂ\‘m

6. Lﬂj@um P ﬂuﬁuﬂﬂmwmmiwuw W

(= @mmmm?wmmuﬂﬂmmrﬂ) a3l gs. Konstraktion Nickpol 0

Seitenansicht: 0 = Schnittpunkt der Parallelen
zu 23 durch 1 und der Parallelen zu 56 durch 4.

7. dn g3 fufrauazannitedu Ro.

Co-funded by the (Trzesniowski M.: Rennwagentechnik, Vieweg+Teubner 2008)
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Find the exact CoG ONITED

(Claude Rouelle, Optimum G)
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—
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(35.
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Measurement of Chassis Compliance  OniTeD

AARILIUIDLAD LT
LATIZUUNTUAZNAU
yaan!
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Chassis Compliance UAS FS15

Tub - cockpit b ——
front - B
-
‘s =

o) ve—

@ ' i Tub - cockpit rear
= 7 .

—_—

[mm]
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Rear frame & engine

Rear
A suspension

-0,761 |45
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« SpringlF: * Spring 1R: Chassis Compliance to rear
nsufuAnndenuunresuaagain CG lusunilh Spring2R: dassnadnume: S
. Eporing 2F: poudpansdaans + iuldanu . Spring3R: rear tyres
daN19UA
. 5 t2 ' m
* Spring 3F: ensuiih Cpopp = 5 Cz - T S
#—q,mNSF hsy / é!_mNS 3
k- | , 4 }
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N4 i hrc ﬁf I +NSR
hRCF - - ol b' - h'RCR
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= |
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* NATINTBIANNNLIY

* Cparallel = Zi Ci
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171
=2 ngreasAulanliudaduduuiiues T mys
ANUNA ——@1. |
1k, |
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mﬁﬁmmaﬁ 2: DN UNITED

. AANNT:
~— f roll axis . ﬁﬂﬁuﬂﬂﬂi%ﬁliﬂuﬁﬁﬁﬂ/ﬂ AFyqy d i
m |
e "N hsu ﬁm 5 Ay = 1—26nfamwmmu1ulm ANUUAN.
. S
k. , = I h
hNSi b - ) I f” . muumma‘%ﬁiﬂumwﬂ Aanx A1niu
y 1%
T - D a, =1 = NMTNANEITRRaUTInLa LA

NAS.

* The suspended mass mgy = 220 kg. It’sCGis a =1.2m,b = 0.8m, hgy; = 0.25m,

. I;lront a8d2|r5ear suspensions are similar. The mass of 2 wheels, wheel hubs, half of suspensions is my¢ = 30 kg. It's CG is located at
NS = m

* The roll axis is determined by hgcr = 0.05 m, hgcg = 0.1 m. Front and rear track width is s = 1. 5 m.

* The compllance for roll motion is described byNthe stiffness’ of front suspension ¢ spr = 3000 22 , Fear suspension Cg,spr =
3500 —d ,chassis to front c.j ,ssisF = 80000 —TZ chassis to rear c.p455isg = 160000 Y™ There is one front anti roll bar with a
stiffness of cypgr = 20000 TTZ and no rear stabilizer bar. The tyre stiffness ¢;, = 100?
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Full 2-Track-Model

ONITED

ANUFUSATNA
o R > lWB:

* Ar; = AFR

~~

* R = ARR
ALNNAUNANTOUN
* AAUANRFT

o a
¢ ARTINALNET
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g-g-diagram Formula-1 ONITED

Williams
FW15

Lotus
72

Mercedes
W196
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2-Track Model ULEIGER
o WT dluiiemnsud

o AouRuENg T

e g-g- and yaw-moment-diagram
’l%il,ﬁ'ﬂLﬁuﬂizaﬁmwmuﬂizﬂ@u

* ANITNAVBILNNLNARUDIEIN

* camber

* N1INILANLNIA

* nsdfjirnn, ARB, atfsaetaeans
* AAUAIEATTIINAN

e 130 WT laifin1sweannsinmiingng

* ANLNULIATINTGN

only g-g-diagram

F i u s dnsatndunig

AauaLLNUNINUL TN AR

o o-‘aial = o o 1
NARNENA LUNTUNTARNAAINHLI

® ARIIINNITAIATNITINADIANUIUNIN
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Simplified Model to obtain the g-g- -
. UNITED
diagram

*  Mono-Cycle wianlnaniaainjuinsanu.

. LL‘J_iqLﬂummwaguﬁﬁLme”\i
__ Myep __ Myepa
mF = f mR =
a+b a+b

. wihlvanman: F,p = %(‘mpg + inft,F)

9 ¥ — 1
. usednuine: Fyp = > (mFay)

.. aunAaNzAwin => Myq,, = 0

° LINFNEND:
CG
1
Ferp =% (mvehax + Fprq ) kawpF m
2 ﬂD iveF veh
Kawpr = "y
MpriveFtMpriver
o udmy = 0, yuilvAuamn § K 1
1 a o v o dl XK A o o 1 2 dy —

° IULALANLINATAR AN UUILNADNTAANNANA UL
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g-g-diagram: a,(a,, v,)

ONITED

NOH=ANENIN

Acceleration (g's)

« (a) /

F1:0 V = 60 mph
0.8
06 V=100 mph \
L0.4
V = 160 mph \

[
|

0.2
V = 185 mph l

Cornering (g's) 1.4 1.2 1.0 0.8 0.6 0.4 0.2
(Left)

Co-funded by the
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of the European Union

T T PR T v 3
| 0.20.4 0.6 0.8 1.0 1.2 1.4 Cornering (g's)
-0.2 (Right)

V =60 mph

V =100 mph
V = 160 mph
V = 185 mph

1.6
Braking (g's)

Q/

Driving

Ay

060 0

Braking

1% Y ﬂﬂl
N = AIMNNATINITUBNE UL

+1.80 +3.00

40.60

-1.80

-3.00

[Milliken W.,Milliken D.: Race Car Vehicle Dynamics, SAE 1995]

Q/

-3.2 2.4 —1.6 0.8 o o.8 1.6 2.4 3.2
LH Tum Any RH Turm

Practice on dry circuit.
(Reference personal communication
Peter Wright, Team Lotus.)

Figure 9.7 Adelade, 1987, Senna.
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ONITED

Measured g-g-diagram

e How far does the

|

1.40 .
| | |

1.20 3 i

driver use the o

. . 0.0 | | | |
limits? 5 | — |
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060 \ l \ |
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BFLT
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\
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How can we pass the lap as fast as .
. UNITED
possible?

* G-G-diagram o Lifusemuannlugnuenliinonuiiogegn
e strait forward * Brake before apex |
1 *  Ananmaesengludiudanegnlfesiadundmiuningsaanuis
 radius R = oo, curvature k = == 0 Eriding
* No lateral force F, *  9ANEINATaIN apex

* Full longitudinal force E, to accelerate/decelerate
is possible

* sUdeanisdaagniuualas AN TAYFARRINAINENTRIEUNNS

s(t)

* A% R(S) anasativsiaiiasaunsqaaen (Scheitelpunkt)
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1391899315 LAILNAUNIINIIN UNITED

1. Speed in Apex
2
1%
ay =0,a, = %:’2 = Vap 1,2 = /Ay,maxT1,2

2. Calc. Acceleration
v(t) = fttl ax(s)dt™, IC: vy = vgp 4
ay(t) = f(ay,v(t)).. g-g-diagram, a, =
s=s(0) = [, v()dt’

v(t)?
r(s)

3. Calc. Decelleration (offline)
analog topic 2) but starting at Apex2 using

AY ¢ negative time t’
< 4.  The intersection is the braking point

Vap,1 Vap2 5. Alternatively
> Calculate decelleration recursively and check

t
t, tprake ty the speed at apex 2.
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2. wwawgn Aq * 37075 ODE ansun 1 Busiunangasas.

Q99

v v % dl v [~1
. w99 TuTaqiiuilesaInANTATLAZ AIINIEY
. E,(x,v)
. AngnInaageg lunuag X ,
2
Fy Yy _
Fery(Fy, F(v)), e.g (@) + (W) =1
. ANUATNURILATAILUG

. e.g. Fx,Eng = PE;lg.n
*  antaqiiu ’
'V | Fprag (v,s)
¢ AFTILINENT
* Facc,=mtot'ax=Fx_FDrag

* M Ay (t) Wafupnda v(t) uwazauen
¥
LAUNNY S)((t

[Milliken W.,Milliken D.: Race Car Vehicle Dynamics, SAE 1995]
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3. wenlifvqngeaandall Ao

a) waawsn B awin
*  A933ALIIA
o wnliiGfianilesandnunineesens
*  amadaumNB lweinddn luazufilaqaiusn
b) AuinanuTannaandallinglfinanssay
o enuidluiianimesndslnaiAnaninnisiuen
Bufiunangaaandnlil.
o anwnidugadnaes V(s(t)) ulAs
o wsnludneasiuaullBnudageaaiidul
TAlwainddnlal,

. ImmmmmmmﬂwmmL‘ﬁh‘wmﬂ CRUTTOPRNE T
”Lmimmimmmwmmv@wm
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Turning Manoeuvre UNITED

25— = Gyro Yaw Velodty.4.000 [5/s] il

2 /—“‘\

* L ALURANINAINGE

[}
[}
4
[}
[}
]
1

* accelerate the body laterally
.
a, =—

q Yaw_angle_mes [7] 102.76
i R

—v ~— |  Change Heading Angle i
100 e * yaw acceleration 1,0 > 0 before apex point

- . ' « yaw deceleration 1 > 0 after apex point

S L | ¢ Newton’s Law
nﬁs:o:bz 0:04 ' 0:06 mveh : ay — ZF R

I, - ¥ = ZMz,i
- 191Fa9n17uakassetnlunfsaen |

T
OptimumG — Vehicle Dynamics Solutions 34
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TN UAT M KRR NITITINTHU UNITED

Yaw Moment>0 -~ e
'ﬂ“i
Yaw Moment < 0 ' ‘K,A £
- y
Sn c H
A\' 3 g )
> AN
< D » X
Yaw Moment
A
B
¥ ]E & C KN
| ENA Lateral G A
Sz
! R
D

Co-funded by the

Erasmus+ Programme (Claude Rouelle, Optimum G) FH |J ANNEUM
of the European Union University of Applied Sciences 63

Dr. Karl Reisinger



d v U p— =
TN UATTHIHEAUNTITIA NS I THU UNITED

10000

8000

6000

4000

Yaw Moment (N.m)

= )

-1 -0.5 0 0.5 1 1.5 2
Lateral Acceleration (G) (Claude Rouelle, Optimum G)
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0

2000 2000
Fx FY Mz ng |
-2000
- e - -Fy ..... Mz =—=Total Fx Fy Mz
N.m
12000 12000
5
. 10000 6000
E' 4000
2 8000 2600
T 6000 2000
o
§ 4000 N.m
: ) j
: 200 - 8000 ) |
g ) 6000 \ h,‘:
e e 000 | |
2000 @ (2) © (4] s =g
OptimumG - Vehicle Dynamics Solutions 533 Fx Fy Mz '/ E //! //w
Co-funded by the
Erasmus+ Programme (Claude Rouelle: OptimumG) FH |JOANNEUM

of the European Union

University of Applied Sciences

Dr. Karl Reisinger

65



E,  UNITED

TUIFINANUIZULNNALNS

® FUsNNAINDUAINTY

*  NNFAUANNENT, lateral | i
force ||

*  NTAUAUTNY
* e F ), M,
e gluene CS

Y a
HA | contact
* unsbalunnsdpsumiesaies M, lasannidunis Rrassuirg
LaznI9IAg Fy

g
4‘ b A

e

* uiiamin M, wasannnisid@agiluazyuine

* |UAUDIZLL

I

M, =1, -F, . e
Fig. 3-433: FEM model and calculated contact pressure
for a steady-state rolling tire with sideslip
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Turn
Myep * Ay = Frat
I, - ¥ = Myaw

Milliken-Moments-Diagram:
* Rollingmy,, -a, =0

 for given f and & we get side slip angles
Moment of Inertia and tyre forces

d26/dt? = Yaw acceleration * resultant forces Fj,;, My,q

d(yaw rate)/dt :
dlgurallie * diagram M,,,, vs.a,

Flat — (FyFLCOS5L + FyFRCOS5R) + (FyRL + FyRR) + [+FXFLSin(5L) + FXFRSin(SR)
Myqy = (FyFLCOSqL -+ FyFRcos6R)a — (FyRL + FyRR)b + XM, ; +
|—FxpLsin(6,) + Fyxprsin(8g) —Fyrr +Fxrrl
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Milliken Moments Diagram o~
. UNITED
= Yaw Moment vs. ay Diagram

iulasunnieAAe O uazynadtluesiane B uavdn F), uaz M.

(Milliken&Milliken 1995)
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I
i
]
v (Milliken&Milliken 1995)
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YMD UNITED

% ——Delta -6

gk —Delta -5 .

/) e Tyl A SAE-Coordinate are used here!
' ~——Delta -3 (Claude Rouelle: Optimum@G)

. Delta -2
or we can also — R Steeringwheel peta 1

- . e Delta O

scale the moment - | 5 = const — Delta1
; e Delta 2

/ 2 ~—Delta 3
f/“‘““;\ 1 — -~ - T = Delta 4

/—\\ Delta 5
.~ SOOI , ~——Delta 6
e % . ~———Beta -9

/s ; . / e B ta -8

~ e N ( ~———Beta -7
aES 5 0 s 7 4

N

[l
3
S
|

e Beta -6

T N NP B i

b L i = ‘Beta-3

. N Beta-2

BOdy Sllp r— Steady State Beta-1
~ N . —Beta 0

IB = const cornering ——Beta 1
—2 { ~Beta 2

e Beta 3

— 2 — . ~—Beta 4
—Beta 5

= Beta 6

Beta7
Beta 8
Lateral Acceleration [g] — = ——— —Beta9
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msnsizs Force-Moment-Analysis, msimszs Yaw-

Moment, Milliken Moments Diagram

ONITED

* ... HlunMAmziinngInsd, 1essnilianna, 131azias

* 1AUNRNTRILN - HNFABINITANENIVBINITANA L 1ivead19us

* AnSnaTatLANLLaFluN1TaNeINUNULN

* l5iAmaL

dM

Z
® ANINAINITD IUN1FAILAN E>O

° al d” 6 o Y a dsj ai v dgj = VL |?
[RMENYAPNNIN®YIKAN ‘wﬂmﬂmm@mmwmeqmum@ N T
QI &9/ QI 6 o o 1 dl o ng
émﬂ‘wmmm 5 LN T LB (=RATILTNNAVULNNINAU)

L dM
* puanas —=<0

dp

o Junieadrsewisald, M, < 0, &1 [ vgaainauna?
=2 Winau [ anas Yaw Moment (= nsssnmsdiundsanas 8)
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YMD — Understeer/oversteer ONITED

@ ——Delta -6

Sﬁ\ﬁg . —D:It: -5

_ g/) Steeringwheel \oment—ten+
: elta -

R Delta -2
Delta -1

6 = const  increasing

= Delta 0
Yaw rat€ —peras
e Dellta 2
w—Delta 3
e Delta 4
== Delta S
~——Delta 6
e Beta -9
wBeta -8
e Be ta -7
e Beta -6
~Beta-5

Nead

>

=500~

~

-2

Yaw Moment [N.m]
e
2
%
N~

A yaw increasing moment
delivers higher lat. accel.

DCTto o

e Beta 4
—Beta 5
—Beta 6
e Beta 7
—Beta 8

Lateral Acceleration [g] —Beta9
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Control \\ Stability

B=4deg & 6 = 6deg

\ B=4deg & 6 =6deg

\ To \ N To

N \ \,

\ P =4deg &5 =7deg \ \. B=5deg &5 =6deg
\ \

\
\

|

d Yaw Moment d Yaw Moment
d Steering Angle d CG Slip Angle
Does an increase of & Does an increase of
increase yaw rate? produce a moment moving back?
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YMD — anuanes UNTT?D

Moment increasing
the Yaw rate

/)
%4 Steeringwheel aMz
é&;'« 5§ =const/ %
Y § = const
Al NS If f becomes larger we have a moment

decreasing yaw rate
= moving back - stable

veild O
= Delta 6
~Beta -9
wBeta -8
e Beta -7
e Beta -6
~Beta-5
Beta-4
Beta-3
Beta-2
Beta-1

Driver must stabilize actively by §!

DCta =

~Beta 3
- Beta 4
—Beta 5
—Beta 6
e Beta 7
Co-funde e

Lateral Acceleration —Beta 9
Erasmus+ Prog ) = o - SAE-Coordinate are used! FH | JOANNEUM
Of the European Unlon University of ApphedZAm.us

N\

Yaw Moment [N.m]

I Rouelle: i
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YMD — msauau (anuaianse)

ONITED
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Yaw Moment [N.m]
e
g

Body Slip

Moment increasing

Yaw rate

B = const

Lateral Acceleration [g]

= Delta -6
= Delta -5
—Delta -4
Delta -3
Delta -2
Delta -1
e Delta 0
~=Delta 1
= Delta 2

Nalta 2

dé

= al o =K
-2 ANANTATL

~Beta-5

Beta-4

Beta-3

Beta-2

Beta-1
——Beta 0

Beta 1l
~Beta 2
~Beta 3
- Beta 4
—Beta 5
——Beta 6
e Beta 7
—Beta 8
—Beta 9

B = const fnpuduiiiniu 6 13azlFFudnsnisiuNaIuiu.

SAE-Coordinate are used!
(Claude Rouelle: Optimum@G)
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_ _ i a Calculate Fy thanks to Pacejka Model
Impose Arbitrary Car Orientation

Static Fz Pacejka Model
Imposed 8 & & combinations Fze, | F2eq 7] [ pDy1 [ -2.29 |
== = = = PR R T pDy2 0.2782
3 a ,(_5__“'\6 5_" -3 6“‘,0 §"'3 Fzq, pDy3 9.481
= -8 aneuannonlerioes pEyl -0.009
[ e — * ~ PEV2 0.0049
B =0 Pa.68 aFL QFR pEy3 -17.56
N1.54
B=4|— T p— pEy4 -3453
B=8 2% OlgL pKyl 31.447
i Slip Angles " L—Y—’
aFLI QAeg i
Slip Angles Calculation aRLI Loop for WT V
0 Plot result on a X-Y diagram V
7 SO @ Fy on each Wheel
= : ” D e Calculate Lat. Accel. & Yaw Mom.
T O e, S K Yaw Moment
- S v hy
¢ Lateral Acceleration =
| Mass
5 Yaw Moment = FyFront X a — FyRear X b

Latéral Acceleration
Co-funded by the
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Lateral Forces ONITED

e Fy LF 000 FYRF = =<FyLR Fy RR
14000

12000

10000

8000

6000

Lateral Force [N]

-2000
Entry Apex
Note : Lateral Force from corner entry to apex (ON.m) — Left Turn.
Optimum( VE ¢ Dynamics ”‘\,j‘xv 2£0 :’v " /// '// ///0
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Yaw Moment from Lateral Forces
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Yaw Moment [N.m]

20000

15000

10000

5000

-10000

-15000

-20000
Entry

N from Fy LF

.....

N from Fy RF

= = =N from Fy LR N from Fy RR

.............
...........
......
o
.
oA
~
T A
.®

Apex

Note : Dynamic yaw moment from corner entry to apex (ON.m) — Left Turn.
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* TAlsmsiangu 4-5 ngu taua Widviuiissndneumninanas,

* AuNUIATDNAa LU

di 4 dl [}
® LUINNWNNITARUDY l Tuiadanuiuziin

v Y

ZeNR

[-74

unwanataevialy (NeUAULHBINBATNTIN)

o/

* idq

S Sh

anannge ldAnIdnAny.

® NITUNAUBLATANUIUNAANTUBIATU.
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