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Basic vehicle dynamics calculation and vehicle models

What is a model? A simplified representation of the reality.

Refers to calculate the dynamic motion
of ground vehicles for engineering tasks.

What is a vehicle dynamics
model?

Simulation, model based testingJand
model based control methods.

Where do we need vehicle
dynamics models?

When is a vehicle dynamics
model valid?

Good and accurate enough for the
application purpose?
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Basic vehicle dynamics calculation and vehicle models

Classification an positioning of vehicle dynamics models

Reduced MBS 3D-Model
generic with empirical parts

A Suspension «f88
3D Maps

>100 DOF

> N\
o
©
S
3
o
o
i Single Track Model
i~ Two Track 2D-Model
E Fyna P!‘.FA_ h . f:?‘
o L) (_ o CrpA
S Cr—\ /_‘ & Detailed Multi-Body (MBS) 3D-Model
E z}n’.

3 DOF

Complexity

NVH
Stress Fatigue
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Basic vehicle dynamics calculation and vehicle models

Basic chassis dimensions

: CoG height (center of Gravity)

S )

Track Width
Rear Axle
Track Width
Front Axle
N
X
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Basic vehicle dynamics calculation and vehicle models

Calculation of CoG — Center of Gravity

— CoG height (Center of Gravity)
‘Q\‘

Wheel Base
([ >,
0 l m* g Mpy * 8 e Vehicle weight (with driver) =1.970 kg
e Mg, (front axle) = 1100 kg
e Mg, (rear axle) =870 kg
— . e Wheel base = 2.807 mm,
m* g * lRA — Mpy * G * l lFA = [ — lRA e Center of gravity =0,65m
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Basic vehicle dynamics calculation and vehicle models
Calculation of CoG — Center of Gravity

m*}g/* lRA: mFA*)g/*l
a 7

__ mppxl|_ 1100 kg *2,807m
m 1970 kg

= 1,567 m

~
~
>

|

|

e Vehicle weight (with driver) =1.970 kg
e Mg, (front axle) = 1100 kg
—_ . —_ . —_ e Mg, (rear axle) =870 kg
lFA =1 lRA — 2'807m 1'567m — 1'24 m e  Wheel base = 2.807 mm,
e Center of gravity =0,65m
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Basic vehicle dynamics calculation and vehicle models

Calculation of CoG — Center of Gravity
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Basic vehicle dynamics calculation and vehicle models

Calculation of CoG — Center of Gravity

[2] 3]
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Basic vehicle dynamics calculation and vehicle models

Simplification of the vehicle model: “Single Track Model” Theory - 3 DOF

Approach
TN * Wheels are lumped into single track
S 7 ) - Tire side slip & axle stiffness are combined per axle

NS * Rigid body with CoG in-plane (on-track)
* Only horizontal movement
m,] - No roll, pitch & vertical motion

)
®
"/
$
o

* Steering angle only at the front axle

N 3 Degrees of Freedom (DOF)
P — | v // /)  Longitudinal
| | .\ (7 * Lateral
e J N N * Yaw (rotation around Z)
VA X
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Basic vehicle dynamics calculation and vehicle models

Simplification of the vehicle model: “Single Track Model” Theory - 3 DOF

Approach
* Wheels are lumped into single track
- Tire side slip & axle stiffness are combined per axle

* Equations of motion based on:
* Geometrical equation
m,] e Equilibrium of forces & moments
* Transversal system stiffness (Tire / Axle)

)
®
"/
$
o

3 Degrees of Freedom (DOF)

v * Longitudinal
N e Lateral
. * Yaw (rotation around Z)
VA X
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Basic vehicle dynamics calculation and vehicle models

Notations
m vehicle mass ) steering angle (at wheel)
F., E,  Forces Oy steering wheel angel (SWA)
wa, wa Wheel forces I steering ratio
v vehicle speed Y yaw angle
vy, v,  velocity longitudinal / lateral Y yaw angle speed
Ay, Ay acceleration longitudinal / lateral R, r course radius
V4, Vra Velocity front / rear axle FA, RA Index front axle, rear axle
I wheel base stat index for stationary
lra, lns  length front / rear axle to center of gravity CoG center of gravity
Qpa, Qg Side slip angle front / rear axle EG understeer gradient (Eigenlenkgradient)
Cra, Cra Side slip stiffness front / rear axle
p drift angle
,B drift angle speed
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Basic vehicle dynamics calculation and vehicle models

(1)
: . . E =
Lateral Motion FyZFy,FA-I_Fy,RA:m* ayzm*v*(lp—l[;) Z v =0

(2)
Longitudinal Motion Fx = Fx Fa T Fx RA=M* @, ZF" =0

Fyzm*ayzm*v*(t,b—ﬁ)

Fy,

p = arctan —~
Uy y

(3)
= Fypn# s — Fynn o g DM =0 D
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Basic vehicle dynamics calculation and vehicle models

(1)
: . . E =
Lateral Motion FyZFy,FA-I_Fy,RA:m* ayzm*v*(lp—l[;) Z v =0

(2)
Longitudinal Motion Fx = Fx Fa T Fx RA=M* @, ZF" =0

Fyzm*ayzm*v*(t,b—ﬁ)

Fy,

p = arctan —~
Uy y

(3) *
= Fypn# s — Fynn o g DM =0 D
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Basic vehicle dynamics calculation and vehicle models

Lateral Moti N
(1) Fy [N] CAxle N No Side Force Limit

Fysz,FA+Fy,RA=m* ay=m*v*(1/')_ﬁ') ______________

(4) l \. (4) Valid up to ~ 4 m/s? ] \

. R _f__ Tire Side Slip
| Fy,FA = Cra *|0Fg | t’y,RA = CRa *|AR4 Characteristics
' ' g 3
(5) - (5) : £ 5

lpaxy lRa * P -
(04 =0 + — a = +
| FA ﬁ v | RA :8 v l

" al’]

229/15.03.21 A drive ivinglab Kempten University of Applied Sciences



Basic vehicle dynamics calculation and vehicle models

(5) Ln s 0 (5) lon s 0

\Small angle approximation
!

lra * Y lra * Y lFA*lp lFA*l/.)
~ €py = —arctan —
v v v %

€pa = arctan
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Basic vehicle dynamics calculation and vehicle models

lRA lFA
(9) CFA*aFA:m*ay*T (10) CRA*aRA:m*ay*T
Lg% 1Y [
6) [epaf(6+ B —FA D) = m e, » A
lRa * 1/J lpa
12 Cpg * + = m * Q. * —
(12) | cpra *|(B - ) y* 7
v l
L Lra*Y m lra  lRa*y
(13) — My RA | lraxy (14) = Mg _
B l ay * CFA + (% 6 B l y CRrRA v
(15) equalize . .
L l l l
5="Tug «RA _ My,  a | lra¥ | lRa*¥
LY cra 1 Y cra v v
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Basic vehicle dynamics calculation and vehicle models

O = m>|<a *lR_A _E*a " lva 4 lFa*y n lpa*Y
: 4 CFA L Y CRA v v
* ]
(17) m lra  lva 2
’ :‘ U T ek T cra | ol (lra + lra)
' !
1 z
r
)
[ m I ]
5 = - + T xay, * RA _ lra
’ l CRA
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Basic vehicle dynamics calculation and vehicle models

Steady-state cornering

‘ l m [ l
(18) O = - 4+ — *Q,, * R4 k2
r l CFA CRA
l
(19 O = i Aa (Aa= ap,—apy)

233/15.03.21 A drive living Kempten University of Applied Sciences



Test and evaluation methods for vehicle attributes

Understeer and oversteer definition

Self-Steering Behavior

5 — - + Aa (Aa=aFA_aRA)
r
"BERGMAN"
neutral
untersteuernd lbersteuernd
R= konst - -
Q
3 /\
= Self-Steering Behavior
E
= A
@
— \ untersteuernd
A !
E . S . P SRS D T S SR DI S A neutraf -
"OLLEY"
Ubersteuernd
 J

Querbeschleunigung a, —»
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Basic vehicle dynamics calculation and vehicle models

Definition of Eigenlenkgradient (Understeer Gradient)

Calculation of Eigenlenkgradient

1 doby
k
s da,

(20)

(21) Calculation of specific Eigenlenkgradient

i doy doy
H= 5. — 3
\ day day

H = Hand at Steering Wheel
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Lenkwinkel ——m=

konstante Geschwindigkeit

My
s

74

= 0 if R = const since dd, z%

Calculation of the EG = Eigenlenkgradient
(engl. understeer gradient)

ddy: Steering wheel angle

dd,: Ackermann angle

b konstanter Radius

nEliJlral \ ’:H
), 5
> f
b) - "o‘r% “
) < 1
& g
&2 €
r}g’/'/ =
¥ <
C‘:-/ o
% - |
Untersteuern Untersteuern
= = — = [bersteuern — ——— Ubersteuern

Querbeschleunigung a, ———™

neutral
&

Querbeschleunigung a, ———=
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Basic vehicle dynamics calculation and vehicle models

Definition of Eigenlenkgradient (Understeer Gradient)

Calculation of Eigenlenkgradient
1 déy
- *

s da,

(20)

Calculation of specific Eigenlenkgradient

i doy doy
H= 5. — 3
\ day day

H = Hand at Steering Wheel
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l

= 0 if R = const since dd, ==

Calculation of the EG = Eigenlenkgradient
(engl. understeer gradient)

ddy: Steering wheel angle

dd,: Ackermann angle

EG = 0: Neutral
EG < 0: Oversteer
EG > 0: Understeer
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Basic vehicle dynamics calculation and vehicle models

Characteristic Velocity and Critical Velocity

(22) Calculation of Characteristic Velocity

l/) . 1 l/) If;p 511 and R = const ST EG<0 |
5 — E & 6 H H1EG=0 {berstevemdes : =
H H i.e. if vehicle shows steady-state understeer Fahmﬁ“gxﬁ | neutral <
- = vchar = = EG:() |
EG>0 :
unterstevemdss /-~
(23) ™= . - - Fahrzeug Ven1  Tangente im
' ' P[4 21 Maxi
l/J 1 l/) 'fai < [61] and R = const — A
—_ H Hlpq— c
—_— — — x |— EG=0 }TI
51_1 2 5H i.e. if vehicle shows steady-state oversteer Ven | Vi v
“Vcrit - “EG=0
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Basic vehicle dynamics calculation and vehicle models
Practice Session: 15 min

Vehicle Dynamlcs in context of Advanced Driver Hochschule Kempten
Assistance Systems and Automated Driving S

You have a vehicle with following data:

 m=1600 kg

Wheel base = 2540 mm, Track width = 1420 mm,
mFA =880 kg, mRA =720 kg,

Steering ratio = 1:15,

Yaw interia moment = 2800 kg m?,

Side slip stiffness front/rear = 3000 N/°

1. Please calculate the center of gravity (GoG) in X-direction.
2. Please calculate Ackermann angle for a circle of R=100 m.

3. Calculate the Eigenlenkgradient (understeer gradient) between 0 — 4 m/s™.
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Basic vehicle dynamics calculation and vehicle models

Practice Session: 15 min

5. How big is the steering angle for the driver at 4 m/s*?
6. Which measures do you recommend to reduce the understeer gradient to appr.

50%? Please describe 3
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Test and evaluation methods for vehicle attributes

Model behavior in steady-state cornering

120 — T T
work.bs_Praxisseminar_Boxberg_SteadyCircle_100m_Golf_235243.erg } }
110 - - work.bs_Praxisseminar_Boxberg_SteadyCircle_100m_Golf_235359.erg -1- *Fa e
100 —f - -
90 |
80 |
E 70
5 Poee
2 60+ - Roll Bar Modification S v /N e Bl
) Front softer, Rear harder ! ' ‘
= 50 - T T T [
0O i i i |
w] i [Adcmanngngle | o ' g5 | ogs @01
304l e SRR I S
Sy — | | ! | F .
| I | l I I | !
: | l i ]
Comfort ; : :
1 1 | I F | -
| 1 | | | ' | ] l
| | \ l |
0 T T T T T T T T T T T T T T T i
0.0 0,5 1,0 1,5 2,0 2,5 3,0 3.5 4,0 4.5 5,0 55 6',0 6.5 7.0 7.5 I

Car.ay [m/s"2] |
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Basic vehicle dynamics calculation and vehicle models

Use-Cases for a Single-track model — Model-based motion planning

Motion Planning

Tactical Planning Path Trajectory

Generation Generation

Y

[ Goal / Mission ]

Define steps to @
accomplish the
Goal/Mission

-
[

[

[

[

[

[

[

[

[

[ C >

1 ——>( + )
: i
[

[

T

[

[

[

[

[

[

[

[

[

1

[

[

[

fVehicle Control
®
, [

Agent

Map / V2V [/ V2X

Y

Store dynamic
states of all active
Agents a y 4

Collision detection

Problem:
Computational
power/cost limits
model complexity

Vehicle State

L. S

A Y
Safety Layer +
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Basic vehicle dynamics calculation and vehicle models

Use-Cases for a Single-track model — Model-based control

FL_active
( 4 } P Steer Angle FL_active

Steer Angle Trq_FL_target
R FL_Trg_target
_active —P@

Steer Angle Stabilizing Torque FR_active

3 ) Yaw Rate SideSlipAngle deviation P SideSlipAngle deviation Trq_FR_target —b@

FR_Trq_target
Yaw Rate : » @ -
@ - ¥ YawRate corrected deviation RL_active

( } » i -
5 S5 P Sideslip YawRate corrected deviation J Stabilizing Torque | Vehicle ParamsTrq_RL_target RL_active a

h 4

i »
Sideslip C 5 ) » mu_max (Pt RL_Trq_target
—r RR_active
»!
g LI motormanagement activation Ideal_In P User_ln RR_active :
P Vehicle Params Tra_RR_target
— ECU logic RR_Trq_target
Instability detectors g brake distribution strategy
&D

Ideal_In

P activation DK

(2 P Throttle_position Gas_out > 1)

Throttle Position Gas_out

D

ax

A 4

ax

Motor management strategy

&,

Vehicle Params

GO

User_In
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Basic vehicle dynamics calculation and vehicle models

Use-Cases for a Single-track model — Model-based control

"Dynamigue du vehicule”
» by Jean-Pierre BROSSARD
<Param_aF> page 28
(theoritical SideSlipAngle)

aF +aR
>

aF +aR

Vehicle Params <Param_aR>

<Param_aR>

<Param_aR> | fania)
—— ataniu; -
g theorilical SideSipangle ]

h A

=

SideSlipAngle deviation

bela F lla beta F.
D, ol g
Steer Angle L—l beta F)

CH .
Sideslip

'|'> ") %,

<Param_af=
>
Note 1: “Dynamique du vehicule" thearitical YawRate A 2
In our case, the two sensors by Jean-Pierre BROSSARD ~
are located in the same position page 24
which also is the posifion of the ceter of mass. Y1) I theoritical YawRate 2 2
(Refer to the Reference Manual) <\dea|_\"e|11)y(° 1" = <

Note 2:
It is also important to remark that it is here tan(beta F)
supposed that the sensors are located on the x axis, _—— Yaw Rate

that all coordinates regard the y axis are null. avoids 0
(As it actually is the case for most cars in CarMaker, il Vel —b| l
- = v
especially the DemoCar " "
P Y ) beta F . | |sinibeta F)| idaal In avoids 0 again
bs(sinju)) »

> |

real YhwRate

beta F 'j—
X
X

w2

ale corected_deviation
YawRate corrected deviation

Generally, all that enables to switch from the TawRae deviation
fo the YawRate corrected deviation can|be mgdified.

mu_max

"

... » ;I » »{ 3 '
x m gravity motormanagement activation

OR
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Basic vehicle dynamics calculation and vehicle models

Use-Cases for a Single-track model — Model-based control

"Dynamique du vehicule™
by Jean-Pierre BROSSARD
page 28
(thearitical SideSlipAngle)

<Param_aF>
aF + aR

aF +aR

Vehicle Params <Param_aR=>
- |

P & R

<Param_aR>

<Param_aR>
— P » ataniu) — —— - -
theoritical SideSlipAngle

beta F tanibeta F)
D | tanlu) tanbeaF) | D, 1"
Steer Angle Sideslip
beta F j_
>
<Param_aR>
ar"Z .
Note 1 : "Dynamique du vehicule" bt —L \" theoritical YawRate
In our case, the two sensors by Jean-Pierre BROSSARD v .
are located in the same position page 24 hd r » 2
which also is the position of the ceter of mass. 1Y) \f’; > ] theoritical YawRate
(Refer to the Reference Manual) | . absir) <ldeal_Velo iy »
aF + aR « . > y J Sqrt ’7
MNote 2: g ! .
Itis also important to remark that it is here tan(beta F) » irz @ real YawRate |
supposed that the sensors are located on the x axis, -—"J| 1 1 I*P ' 2 Yaw Rate
that all coordinates regard the y axis are null. avaids 0 1
(As it actually is the case for most cars in CarMaker, ¥ <ideal Velocitys > 1 1 " ’ >+ v,
especially the DemoCar) ) m - . ;
beta F i |sin{beta F)| avoids 0 again
abs(sin(u)) | >

Generally, all that enables to switch from the YawRdle deviation
lo the YawRate corrected deviation can|be mgdified.

Inputs: (only) vand 6
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Basic vehicle dynamics calculation and vehicle models

Use-Cases for a Single-track model — Model-based control

<Param_aF>

aF + aR

"Dynamique du vehicule™
by Jean-Pierre BROSSARD

<Param_aR>

als

page 28
(thearitical SideSlipAngle)

* P ataniu)

tan{u)

L

tanibeta F)

tan(beta F)

theoritical SideSlipAngle

x &

Sideslip

beta F

!

<Param_aR>

_ aF +aR
Vehicle Params <Param_aR=>
_ »l .
<Param_aR> -
Steer Angle
MNote 1 :

In our case, the two sensors
are located in the same position
which also is the position of the ceter of mass.
(Refer to the Reference Manual)

MNote 2:

It is also important to remark that it is here
supposed that the sensors are located on the x axis,
that all coordinates regard the y axis are null.
(As it actually is the case for most cars in CarMaker,
especially the DemoCar)

"Dynamigue du vehicule”
by Jean-Pierre BROSSARD

ar"Z

N

el

Yit2

Outputs: Linear vehicle state
— Desired vehicle response

245 /15.03.21

page 24
()
aF + aR L
L i
fan(beta F) »
.—‘J|1 1|7P 3
avoids 0
beta F , |sin{beta F}|
P abs(sin(u)) P+

A drive living

,Iy

theoritical YawRate

r

0

»-

theoritical YawRate|

VI absn <Ideal_Velogity>
X

Sqrt ’7

J—
B -
|+
E—

3 -
( } real YawRate -y
Yaw Rate
: P 1 . k3
<Ildeal_Velocity= v Ya
Ideal_In avoids 0 again
*

| »-

1

+

Generally, all that enables to switch from the YawRdle deviation
lo the YawRate corrected deviation can|be mgdified.
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Basic vehicle dynamics calculation and vehicle models

Model-based control — CarMaker example

B cCarMaker - Test: Examples/VehicleDynamics/StabilityControl/ESC_SineWithDwell - 'll-nb-30" online — X (] Cartaker - Vehicle Dt Set: Examples/DemoCar - x
File Application Simulation Parameters Seftings Help 41PG Vehicle Data Set e v | onse |
Vehicle Body ] Elodies] Engine Mount] Suspensions] Steering] T\res] Brake] Powertrain ] Aerodynamics ] Sensors] E 4

I Exﬂmplesfﬂemo(:ar Select Brake Model: g Hydraulic IZf

Typical, unvalidated data for passenger car
with Front Wheel Drive

. o
Trailer: - Select Model: ¥| ESP RTW
Modelclass-specific Parameters

General " Control " System |

For FMU please use FMU Plug-ins.

|

|
£
on
]
1
[ %]

Tires: Ex. /RT_185 63R13 Ex 1895 Select
Ex. /RT_195_65R15 Ex. /RT_195_65R15
Load: 70.0 kg Select
70.0 kg
Maneuver Simulati St f Result
ﬂ 40.0 ﬂ J Imulation orage of Results stant
11.0714 GBCP lat:Sinus Perf: | max Mode: ¥ collect only
2 05 GBCP lat++0 .
Status: (26.4%)
3 0.357 GBCP lat+Sinus Buffer: 134.2 MB, 29 s Stop
4 5 GBCP lat0 e I
Time: 46.9
| | Distance: 822.07 Save | stop | avort |
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Basic vehicle dynamics calculation and vehicle models

Use-Cases for a Single-track model — Vehicle state estimation

HydBrakeCtrl_In ESP Signals —— ESP Input Signals

HydBrakeCtrl_In

ESP Input Signals

ESP Out|— | ESP Out HydBrakeCU_Out

User_In — User Input Signals HydBrakeCU_Out
Output Signals ESP

User Input Signals

Vehicle Param ——{ Vehicle Input Params

Vehicle Input Parameter P ro b I e m
deal_in Real vehicles don’t
Ideal Input Signals 1 i I
ve_out provide ideal in-/outputs
2 — model-based estimate

ESP General System
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Basic vehicle dynamics calculation and vehicle models

Use-Cases for a Single-track model — Vehicle state estimation

Estimation of non-measurable quantities ¢ 100 | F I
* Longitudinal velocity under slip :Z ﬂ W\ﬁ
40 + ]

e Lateral velocity

steering wheel angle in rad
brake pedal value in %

* Tire forces | J U N
* Available friction coefficient (tire potential) o5, MUl
* Road bank angle time in s

Prediction of vehicle state
* Motion planning
e Advanced control

velocity in m/s

time in s
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Basic vehicle dynamics calculation and vehicle models

What can we improve? — Extensions of the Single-Track model

Two-track model (6 DOF)
* Consider roll, heave and pitch motion
— CoG height is now relevant
- Four wheels with dynamic wheel load transfer

Non-linear tire modeling
« Saturation through long./lat. force limits (tire potential)

e Steering angle on both axles

* Slip-angle contribution of resulting axle stiffness
* Transient vertical dynamics
 Combined slip modeling

[ AR

- How complex is too complicated?
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Basic vehicle dynamics calculation and vehicle models

Comparison Single Track Model with 3D-MBS Model in circular driving

Single Track Model Reduced MBS 3D-Model
(linear) with empirical parts
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Basic vehicle dynamics calculation and vehicle models

Validity of a single-track model: CarMaker exercise

D
o | carat ihel Steering
-
Whel Mation
e -
Vhel POI
CarMaker - Test: Examples/VehicleDynamics/Handling/5teadyStateCircular100m - 'll-nb-30" online - > (a)
Cara 0 Vhel. Wheel FL
- ' R T e
File Application Simulation Parameters Settings Help 2P VheICHT Sleering  ~CroamBus VG Sieerng | - Vel Wiheal £R
- -
Car_v 0 Vhel Wheel RL
Car. ExamplesiDemeCar
Typical, unvalidated data for passenger car Whel Wheel RR
. . Cart 0 Car 1 0 CarHitch.FrcTrg “
with Front Wheel Drive - __ *Ce)
CarHitch.FreTrg
Trler: - &
Select Candiatf—— VRaLFrIA
ar_Dist
Tires: Select
Load: Select
] 1
Maneuver Vhel WheelIn CreateBus Whel Whael In Gar_Trazit
- - - Simulation ——— Storage of Results
0 200 Slowlyincreasing velocity j g start —
ar WhLF 1z
Perf:  &|max Mode: | collect only
Status: (27.7%)
Buffer: 134.2 ME, 20s Stop Car_Whi_F_1
Time: 824 Single Track Model
= : . Save | Stop | Abort |
J Distance: 635.11 VhegE T —_—
Fri
Road_Fri jz
> [Froceme 8 1 i
VheICr Brake VhelCir BrahePark Y R Friy
— Car_sRoad
Query Road CoG
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