Part 1: Lateral Vehicle Dynamics

Part 2: Longitudinal Vehicle Dynamics
Part 3: Vehicle Control Systems

Part 4: Suspensions
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Part 2: Longitudinal Vehicle Dynamics
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Part.2
Longitudinal Vehicle Dynamics

1. Longitudinal Dynamic Model
2. Engine model
3. Transmission

4. Tire models

5. Brake



4. Tire Model
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4.1.6 Self Aligning Moment
4.2 Dugoff's Tire Model



4. Tire Model
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4. Tire Model

e Tire Deformation

 Longitudinal Tire Force « Lateral Tire Force

< Longitudinally tire deformation > < Laterally tire deformation >

REF: Reza N. Jazar, “ Vehicle Dynamics: Theory and Application”, ppl01 ~ 105, Springer, 2008



4. Tire Model

« Longitudinally Tire Deformation

e Longitudinal Tire Force
. AX
tXi F

tzi

« Longitudinally Tire Deformation

AX o I -w -V,

start of contagl : e e : end of contact
patch . : ; palch
» - -
. static region : sliding region

REF: Rajesh Rajamani, “ Vehicle Dynamics and Control”, pp391 ~ 394, Springer, 2006



4. Tire Model

 Laterally Tire Deformation  Shear Stress Distribution

—
—
—~
—

Sliding Line Sticking A

T \ region
BT -~ Sliding
Nizssesanss T~ region 24

< Bottom view of a laterally deflected and turning tire >

o Lateral Tire Force and Self Aligning Moment

P X

e Lateral Tire Force

F,i = _frydA

« Self Aligning Moment
My =F,i-a,

tzi tyi "

Pneumatic Trail (j_

Pneumatic Trail




4. Tire Model

4.1 Pacejka Tire Model
411 Slip Angle
4.1.2 Lateral Tire Model
4.1.3 Slip Ratio
414 Longitudinal Tire Model
4.1.5 Combined Tire Model

4.1.6 Self Aligning Moment



4.1.1 Slip Angle

« The angle between the orientation of the tire and

the orientation of the Wheel

Q; =0, — ¢

Where, ¢ = Tire Slip Angle at i -th Wheel
o, = Steering Angle at i -th Wheel
¢; = Angle between V,, and V,, at i-th Wheel

txi tyi

vV, +1. -y vV, +1l. -y
tan(g,) = tan(g,) =
Vx_tw'l// Vx+tw'l//
v _Ir'l/] v _Ir'w
tan(gs): : . tan(g4): : :
Vx_tw'l// Vx+tw°l//

¢ =tan

-1 tyi

txi

10



4.1.2 Lateral Tire Model

e Lateral Tire Force at the i-th Wheel
B . 1
F, =D, sin(C, tan™(B, @, ))+S,,

tyi

E
Where, @ =(1-E )(« +Shy)+B—ytan‘1(By (a; +Sy,)
y

B 0224 5200-F,, C 126 F,, —5200
y 40000 y 32750
Dy =—0.00003- thi +1.0096-F,, —22.73
Ey =-1.6 Shy =0
 Normal Tire Force at the i-th Wheel
m- | m- |
F,.=K,(h, —L)+———- F,=K,(h,—§)+———
tz1 t1l (10 1) 2(|f+|r) g tz2 t2 (20 2) 2(|f+|r) g
m-I, m-I,
F F

t23=Kt3'(r30—r3)+m-g tz4:Kt4‘(r4o_r4)+m'g

Where, r_ = Original Radius of the Tire r = Effective Rolling Radius of the i-th Wheel

10

K, = Tire Stiffness at i -th Wheel 11



4.1.2 Lateral Tire Model

« Slip Angle versus Lateral Tire Force Curve

4
3500
Emu- _::::;;2,‘.—._-::=_::;__.:
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EEEEE
'y
1500 f +:Fz=2500M
100¢ f,ﬂ 0:Fz=3500N |
500 f *:Fz=4500N
, .
i 5 10
slip angle (degree)
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4.1.3 Slip Ratio

 During Braking

- @, —V, -cos()
Vti 'COS(ai)
 During Traction

- @, —V;; - €0S(x;)
I - @,

PR

Where, ¢ = Angular Velocity of the i -th Wheel
. = Tire Radius of the i -th Wheel
a. = Tire Slip Angle at i -th Wheel

Vi = v, +1; - 4)2 4+ (v, L, 97)?
Vip = (v, 1, 9)7 + (v, +1,-47)°
Vt3 :\/(Vy _Ir W)Z +(Vx _tw W)z

Vt4 :\/(Vy _Ir l//)z +(Vx+tw'lﬂ.)2

Side View

13



4.1.4 Longitudinal Tire Model

 Longitudinal Tire Force at the i-th Wheel

F,. =D, sin(C, tan*(B ®,))+S,,

Where, ® =(@1-E )4 +S,,) +%tan_l(Bx (4 +S,))

X

» During Traction ( 4 >0 )
B, = 20+ 1 1940 c, =135 fu 140
645 16125

E :_36 th :O

X

« During Braking ( 4, <0 )

B, = 22+ Yu 1940 C, =1.35— a4

430 T 16125
E =01 S, =0

D, = 2000+ Ry —1940

0.956

S,, =0

VX

D, =1750+ Fy; 1940

0.956

SVX :O

14



4.1.4 Longitudinal Tire Model

« Slip Ratio versus Longitudinal Tire Force Curve

5

400¢

3000

||||||
lllllll

2004

+:Fz=2500N
0:Fz=3500N
*Fz=4500N

)

0.1 0.2

0
slip ratio

15



4.1.5 Combined Tire Model
 Pacejka Tire Model

1) Longitudinal Tire Model: Fy =F (4, Fy)
2) Lateral Tire Model: Fyi = Fyola, Fy)

A There is no correction between Longitudinal and Lateral Tire Model

e Normalized Slip

1) Normalized Slip Ratio: j,l* i Where, 1 — 0.058 it (1>0)
A " | -0.1 elsewhere
2) Normalized Slip Angle: «; -4 F, —650
o a, =63+ —"———
m 3500
« Correction Factor: o —\/(/7, )+ (e )?

« Combined Tire Model based on Pacejka Tire Model

thi = il*

thO (O-'* X ﬂ’m ! t2| )

.

_ i *
|:tyi _? ty0 (Gi XAy thi)



4.1.

5 Combined Tire Model

e« Combined Tire Force

Longitudinal Tire Force
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txi -
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4.1.6 Self Aligning Moment
« Self Aligning Moment at the i-th Wheel
M. =D, sin(C, tan(B,®,))+S,,

Where, @ =(1-E,)(a; +S,,) +%tan‘1(BZ (o, +S,,)

z

5D ~(-1.86-10°)-F +(-2.73-10%)-F

tzi
exp[(0.1110°)- F,, |
C, =2.40
D, =(-2.72-10°)- F? +(-2.28-10%)-F,
Bz = BZ .CZ ' Dz
CZ ) DZ

E, =(-0.0-10°)-F} +(-0.643-10°)- F,, —4.04

tzi

S, =0 S, =0

< Self Aligning Moment >



4.1.6 Self Aligning Moment

« Slip Angle versus Self Aligning Moment Curve
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4. Tire Model

4.1 Pacejka Tire Model
411 Slip Angle
4.1.2 Lateral Tire Model
4.1.3 Slip Ratio
414 Longitudinal Tire Model
4.1.5 Combined Tire Model
4.1.6 Self Aligning Moment
4.2 Dugoff's Tire Model
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4.2 Dugoff’s Tire Model

Longitudinal Tire Force

A
F =C .2 . f(s
xi Xl—l—ﬂf (l)

Direction of
Lateral Tire Force Wheel Travel
tan(a.
Ftyi:Cy‘ ( I)f(é‘l) X
1+ ﬂ,l Direction of Wheel
Heading
Where, p-Fyi-(1+4)

| 2\/(CX 4) +(C, -tan(ai))z

_(2=6)-6, 1t(5 <])
f(@)_{ 1 if (5 >1)

C,=  Longitudinal Tire Stiffness
C, = Lateral Tire Stiffness
u= Tire/Road Friction Coefficient



Longitudinal Tire Force [N]

4.2 Dugoff’s Tire Model

Longitudinal Tire Force

A

F =C -2 .
xi Xl—l—ﬂ, (I)

Where, o, = 0
4000
Fz = 2500 N
===z = 3500 N e -
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I:tyi - C:y = f (é‘l)
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Longitudinal Tire Force [N]

4.2 Dugoff’s Tire Model

Longitudinal Tire Force Lateral Tire Force

A tan(e;)
thi:Cx'm'f(ai) Ftyi:Cy |

£(5)

Where, F_. =4500N Where, F_. =4500N
4000 : 4000, B
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- . .
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Part.2
Longitudinal Vehicle Dynamics

1. Longitudinal Dynamic Model
2. Engine model
3. Transmission

4.  Tire models

5. Brake

24



5. Brake
Wheel Dynamic

n

e Driving Wheel

': (T - Ft Tbi_Mri)

e Driven Wheel

':_( I - Tbi_Mri)

tXI

Where, o. = Angular Velocity of the i -th Wheel
- = Effective Rolling Radius of the i -th Wheel

J, = Momentum of Inertia of the i -th Wheel

T, = Driving Torque at i -th Wheel

F. = Longitudinal Tire Force at i -th Wheel

T,, = Brake Torque at i -th Wheel

M, = Rolling Resistance at i -th Wheel

txi

25



5. Brake

Brake Model
Brake Vacuum Master Proportionnig
Pedal | | Booster | | Cylinder > Valve

Font
Wheel

Fundamental structure of a hydraulic brake

Master Cylinder

Proportioning
Valve

Vacuum
Booster

\

U

©

Rear
Wheel

Brake Pedal
—



5. Brake

Vacuum Booster

CHECK

VALVE

(TO INTAKE
MANIFOLD)

TO MASTER
CYLINDER

VACUUM
CHAMBER

LN

/// '-‘/I/I/I//III/I///III///III/I/‘//IIIIII///IIV (Ll
2 ; Z

I TN, A CoN R

. ] 3

/////III/
44
Vs

Vacuum Booster Diagram

PUSHROD
(TO BRAKE PEDAL)

27



5. Brake

Vacuum Booster Control Valve Model

VACUUM APPLY ATMOSPHERIC

CHAMBER CHAMBER PRESSURE
IIIIIIIIIIII/III/I/II/IIIIII/ Ll L s

// ez Iy

N 7%

7 /

Ll

Control Valve — Apply stage

28



5. Brake

Vacuum Booster Control Valve Model

VACUUM APPLY
CHAMBER CHAMBER

GASKET

(L2l

/IIIII/I/IIWIIII/IIIIIIIII’/I/IIIIII/I
///III/

\\\\\\\\\\\\\\\\\ L
7//

REACTION
WASHER

///

\

I/I/

7
4 JLLLLL L LY /II/IIII/I/I

DIAPHRAGM .

Control Valve — Hold stage

29



5. Brake

Vacuum Booster Control Valve Model

VACUUM
CHAMBER

APPLY
CHAMBER

S A S // oy
. o Z
L ] [ ] -
-» » -
L ] [ ]

Control Valve- Release stage

30



5. Brake

Brake Model

Fluid Reservoir

S q Fout
econdary ‘
Circuit
From

® © 0 06 06 0 o
Vacuum

‘ ‘ Booster
To Brake Lines

e Equation of motion of master cylinder piston :
My Ko = —DBpneXipe — ch o Amc F)mc + |:out _Sign(xmc)F

mc “*mc mc “*mc loss

Xme = Xpp

31



5. Brake

Brake Model

= F-F  FR>F . output force of vacuum booster
“ o otherwise

F.=F, +KsX, :return spring force
Fo = F, tKsXae 1 master cylinder spring force
Fo=A;(P.—R) :diaphragm force

where , F_ :initial return spring force F_ :initial cylinder spring force

0 CSo
krs

Xn. . displacement of master cylinder piston P, : pressure of master cylinder

: return spring constant k_: master cylinder spring constant

CS

A . : area of master cylinder piston b, : master cylinder damping coefficient

32



5. Brake

Brake Model

Master cylinder pressure

Ijmc _ ﬂ Amcxmc . ﬂ

O

waf Pmc -PR

wf

Vmc0 o Amc Xinc

Where o, =sign(P,. - P,)
p - bulk modulus

s Chid flonw ~no
wa . T IUIU 11U LUC

Vmco o Amc Xinc

33



5. Brake
Brake Model

Proportioning valve

- Proportioning valve distribute front and rear traction forces
appropriately to the vehicle’s ideal traction distribution curve

Free Body Diagram of Vehicle

34



5. Brake
Brake Model

Force Equilibrium

m'g:sz +Fzr

Moment Equilibrium
>M,=m-a,-h+F,-L-m-g-l, =0
Where , L=1, +I,
F,-L=m-g-l, —m-a,-h
L'g°Fzr:(Fzr+sz)'|f'g_(Fzr+sz)'ax'h
(L'g_lf'g+ax'h)'|:zr:(|f'g_ax'h)'sz
Front/ rear pressure ratio
P F_ Il.-g—a h

r zr
oC =

P F, | -g+a h

35



5. Brake
Brake Model

Front/Rear Pressure Distribution Equilibrium

{Pmc I:)mc < I:)ch

P = |
P,+r.(P.—P,) otherwise

r

P, : Knee pressure of proportioning valve

I'+ :Area ratio at the proportioning valve

P. :Rear Brake Pressure

36



5. Brake
Brake Model

E ] Brake Pressure Distribution
— 1.2x10 T T ; T !
O ox10%F R R e T -
9 : : : |
2 : s S s s
80X10 e """"""" oo CoT T e e ]
O gox10t A S R REEEEREEEERE RS S M,Qd,e,l fffffff -
QO . ‘ : : :
Y4 " ! ! : :
@ ] 3 3 3 3
oM 4.0x10 """""""" """""""" """""""" """"""" ]
§ ] R | | | |
T 2.0x10 B o o o .
0.0 I I | I I
0.0 5.0x10° 1.0x10° 1.5x10° 2.0x10° 25x10°  3.0x10°

Front Brake Pressure(P, ) [Pa]
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5. Brake
Brake Model

Wheel caliper pressure

- Volumetric flow rate :

Vbl' — GWI'CWF \/‘Pr o F)WI" GWF — Sign(Pr o PWF)

Vit =0 Cug \/‘Pmc - ow‘ oy =SIgN(F, — Py)

- Wheel caliper pressures :
2 3
P =C Vi +C Vi
2 3
I:)wr = szvbr + CpSVbr

38



5. Brake

Brake Model

5.0x10° ! ! ! ! ! ! !

Brake System Pressure [Pa]

ABx10PE S
ALOXLOCT e S
BBXA0PE
BLOXLOT oo SN
9 B L% e A
D OXLOPE SR A
RT3 a0 P

o T NSNS ot S

T e s SIS NS SRR BRI M

ool—r—" .,

0.0  1.0x10° 2.0x10° 3.0x10° 4.0x10° 5.0x10° 6.0x10° 7.0x10° 8.0x10°

Volume Displaced [m3]
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5. Brake
Brake Model

- Relationships between wheel caliper pressure and the brake torque :

Tb = Kb'(Pw_Pth)

where, P, =0.1MPa
= D0ONM _540Nm/ MPa
2.8x10"Pa

- Brake Torque versus Caliper Pressure

3000

25001

N
o
=]
=]

1500~

1000+

Total Vehicte Brake Torgue (Nm)
[#)]

[w]

(=]

0 0.5 1 1.5 2 2.5 3

Brake Pressure (Pa) x 10°
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5. Brake

Nonlinear Brake Model

M 5(.mc = _bmc ch - ch o A*nc I:)mc + I:out - Sign(xmc) I:Ioss
Brake Pedal P =t (F)
—p = P . —
Force = d — 've\lp P, 5 _ Andn o Cu Cout A/|Prc = P ‘
p mc ~ IB :B
Vmco o Amc Xine Vmc0 o Amc Xine
Vacuum Booster
Master cylinder
vbr = Gwerr |Pr - Pwr| Ow = Sign(Pr - Pwr)

Vi = s Cop | Prc — ow‘ oy =sign(P,. —Py)
T, «— K, &——— ) .
Py Pt =C Vs +C Vi
Brake Torque Gain P = szvbzr +Cp3Vb3}

Brake Caliper

mc

41



5. Brake

Simplified Brake Model

Brake Pedal P_K E > K A e = Kone - Fo
d — "YVB mc
Force F, PP, A
Vacuum Booster Master cylinder
a)Z
T, <+— Ko <5 - 7
w s’ + 20w, + w,

Brake Torque Gain

Brake Caliper

42



5. Brake
Simplified Brake Model

Transfer function of second order dynamic

R(s) E(s) 2 C(s) P .2
Za)—n > G(s)=="=5 - 2
s?+28w,s P. S +2w s+,

- Definition of State - Second order brake model
Zl — PW Zl — Z2
z,=F, 2, =-a,2,—a,Z, +hU

Where U : master cylinder pressure

P\ : brake caliper pressure
43



5. Brake

» Brake Test Results

70

0 A S E— S—

ok __________________________ ______________ - - - Master Cylinder

* o/ — - -=Caliper
s — — Supply

Pressure [bar]
S
|

0.0 0.1 0.2 0.3 0.4 0.5
Time [sec]



5. Brake

» Brake Model Validation

Caliper pressure [batr]

70

60

50

40

30

20

Actual

10
/ | - Nonlinear model
0 =" e e —--=- Linear model
| |
0.0 0.1 0.2 0.3 0.4 0.5

Time [sec]
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Part.2
Summary
Longitudinal Vehicle Dynamics
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Summary: Longitudinal Vehicle Dynamics

Driving Situation

= Preceding Vehicle
= Desired Path

= Aerodynamic Force

|

Human
Driver

= Throttle Angle

= Brake Pedal Force

» Road Slope

Vehicle Model

= Engine Model

= Torque Converter Model
= Shaft Model

= Brake Model

= Wheel Dynamic Model

* Tire Model

= Body Dynamic Model

Vehicle Behaviors

* Longitudinal Speed

= Longitudinal Acceleration

47



Summary: Longitudinal Vehicle Dynamics

1. Engine Model

2. Torque

3. Transmission

Wheel Dynamic

&

4. Longitudinal
Tire Model

6. Brake Model

5. Longitudinal

|

5.
»| Longitudinal

Converter Model Model Dynamic Model
o ——| - 2. o)
Engine > Torque N .
Model | Converter | T
A Model t 3. 4.
T Transmission Longitudinal
P Tire
And > Model
@,
6. Wheel Dynamic
Fp Brake Model | Tb Model
Gear
— Shifting >
Map Rgi

= Dynamic
tx' Model

|

Driving
Load

48



1. Engine model
(1) System Input
& : Throttle angle
Tp : Pump torque
(2) System Output

(), : Engine velocity

@) >
Throttle Angle
N e I
IP o‘l’ B »‘UJeng >1 I > /
j Pump Torque ST -
| < ()
|

dw

dt

3 1
= ] (Tnet (We ,

e

Engine Speed _
Engine Map:

In1)Throttle Angle

In2) Engine Speed

a)_Tp (We’Wt)) Out) Engine Torque

Net Torque

49



2. Torque Converter Model
(1) System Input

A, : Engine velocity

W, : Turbine velocity

(2) System Output

2
Tp =C(W," : Pump torque Where C, : Capacity Factor
T=R-T Turbine torque R, : Torque Ratio
Torque Converter Capacity Factor Map Torque Converter Torque Ratio Map
0.004 : : : : ‘ 2.4
N8 \
2 0.002 g 2.0 \
5 -\ ©
% 0.000 i N gl-b‘
& 5
2 S .
S 0002 12 N\
Q N—
©
O
0.8
-0.004 0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.0 012 014 016 _ 0?8 1?0 1.2
Speed Ratio Speed Ratio



3. Transmission and Wheel Dynamic Model

(1) System Input

Tt : Turbine Torque
Tb . Brake Torque
F

R, :i-th gear ratio

(2) System Output
Q,

. : Turbine Velocity

i . Longitudinal Tire Force

@; : Wheel Speed at each wheel

Tt

T, —>

Transmission
And

Wheel Dynamic Model

> (0,

51



3. Transmission and Wheel Dynamic Model

(3) Summary

 Simplified Transmission and Wheel Dynamic Model (Front Wheel)

- dw 1
Lﬁ‘FRd'(JwL‘F‘JWR)j. dtf — R_Tt_Rd.r.(FXﬂ—_i_FXfR)_Rd.(beL_i_beR)

gl

e Driven Wheel (Rear Wheel)

da)r:_r.(

(‘]WL + ‘JWR ) ) dt |:er + |:xrR ) - (TbrL +Ter)

« Speed Relation
w; =20, = 2Ry - W, =2R; ‘R, W,

Tt
Tb _— Transmission
= And
txi
Wheel Dynamic Model > a)i
Rj—/

52



4. Longitudinal Tire Model

(1) System Input
V. : Longitudinal Speed

@:. : Wheel Angular Speed at each wheel

(2) System Output
F

i - Longitudinal Tire Force at each wheel

4. Longitudinal Tire Model

( h (" sog—. )

Slip Ratio
Calculation

txi

+Fz=2500N
0:Fz=3500N -

*:Fz=4500N

. -0, 0 0.1 0.2
S Y S slip atio Y,




4. Longitudinal Tire Model
(1) Slip Ratio
 During Braking
- @ -V, -cos()
Vti 'COS(ai)
 During Traction

-, —V;; - €0S(;)
I - @,

PR

Where, ¢ = Angular Velocity of the i -th Wheel
. = Tire Radius of the i1 -th Wheel
a. = Tire Slip Angle at i -th Wheel

Vi = v, +1; - 4)2 4+ (v, ~t, 97)?
Vig = (v, 1, 9)7 + (v, +1,-47)°
Vt3 :\/(Vy _Ir W)Z +(Vx _tw W)z

Vt4 :\/(Vy _Ir 'l/))2+(vx+tw'l/))2

Side View

54



4. Longitudinal Tire Model

(2) Tire Model
 Longitudinal Tire Force at the i-th Wheel

F,. =D, sin(C, tan*(B ®@,))+S,,

Where, ® =(@1-E )4 +S,,) +%tan_l(Bx (4 +S,))

X

» During Traction ( 4. >0 )
B, = 20+ 1 1940 c, =135 fu 140
645 16125

E :_36 th :O

X

« During Braking ( 4, <0 )

B, = 22+ Yu 1240 C, =1.35— a1

430 T 16125
E =01 S, =0

D, = 2000+ Ry —1940

0.956

S,, =0

VX

D =1750+ Fy 1940

0.956

SVX :O
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5. Longitudinal Dynamic Model

= Free Body Diagram of Vehicle Body
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5. Longitudinal Dynamic Model

Equations of Motion for Vehicle Body

Vehicle Body where,
Vv
Ivlvd_:Ftrf +Ftrr_FL M,
dt I:trf ! F
Driving Load F,
F.=F,—M,gsiné g
JoisJ
Rear wheel (driving) T,
dw,
‘]Wrd—tr:Ts_rrFtrr_Mrr _Tbr ey T
M rf ! M
Front wheel (driven) T,
dw;
T —Tt Rt —Myp =Ty

trr

wr

. vehicle mass

. tractive forces of front/rear wheels

. aerodynamic force

. gravitational constant

: moment of inertia of front/rear wheel
. driving shaft torque

: radius of front/rear wheel

: rolling resistance of front/rear wheel

. brake torque of front/rear wheel
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6 Brake Model
(1) System Input
Fp : Brake Pedal Force

(2) System Output
Tb : Brake Torque

(3) Brake Model

T =K,-P,
= Kb °Pmc
1+7,-S
= Kb 'ch'Pd = Kb 'ch'KVB.Fp
1+7,-S 1+7,-S
Et o P =Ky F, Ky, = ' B D S N K, T
P I:)d ATIC I:)mc 1+Tb-S PW

Vacuum Booster Master cylinder

Brake Caliper Brake Torque Gain
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