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Symbol Description Unit
A Contactarea m?
a Coefficient of dependence on velocity of sliding friction -

codficient

aplJ a;7 Magic Formula lateral force model parameter -
Aq Self aligning torque stiffness of a rigid ring model Ned

At Stability Factor &/m?
ay Lateral acceleration m/s?
B Stiffness factor of Magic Formula -

C Shape factor of Magic Formula -

Cq Compliance of asymmetric coefficient of contact patch /Nm
Cu Lateral shared stiffness of the tread in FIALA model J/mN
Cy Longitudinal shared stifiess of tread N/m

Cyxe Compliance of the relative position of wheel center 1/N
Cy Lateral shared stiffness of tread N/m
D Peak factor of Magic Formula -

E Curvature factor of Magic Formula -
E Elastic modulus of the beam Pa
F Tire force vector -
Fy Longitudinal force N

Fu Longitudinal force in adhesive zone N
fa Stress of x direction in adhesive zone N/m?
Fyo Longitudinal force in sliding zone N
fo Stress of x direction in sliding zone N/m?
Fy Lateral force N
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Symbol Description Unit
Fy1 Lateralforce in adhesive zone N
fy1 stress of y direction in adhesive zone N/m?
Fy.  Lateral force in sliding zone N
fyo stress of y direction in sliding zone N/m?
Fya Lateral force caused by slip angle N
Fyt Lateral force of front tire N
Fyy Lateral force caused by camber angle€Zamber thrust) N
Fyr Lateral force of rear tire N
F, Vertical load N
F,+ Vertical load of front tire N
F, Vertical load of rear tire N
G Weighting factor of Magic Formula combined slip -

model
Gmz Torsional stifness of tread base N/rad
Gy Weighting factor of longitudinal force of Magic For- -
mula under combined slip condition
Gys Weighting factor of lateral force of Magic Formula un- -
der combined slip condition
h Height of wheel center m
I Moment of inertia kgn?
I, Moment of inertia of the beam kgn?
k Radius of inertia m
Ke Control gain of driver-steer system rad
Ky Braking stiffhess of a rigid ring model N
Ky Cornering stifness of a rigid ring model N/rad
Ky Equivalent lateral sfiness of side wall N/m
Kys  Cornering stifness of front tire N/rad
Kyr Cornering stifness of rear tire N/rad
I Contact patch center length m
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Symbol Description Unit
P Distancefront axle to c.g. m
Ih Boundary coordinate between the static zone and them

sliding zone of contact patch
Iy Distance between front left wheel to lower laser sensorm
of front left wheel
I Distance between front right wheel to lower laser sensorm
of front right wheel
[, Distance rear axle to c.g. m
ls Distance between upper and lower laser sensor m
lui Distance between front left wheel to upper laser sensorm
of front left wheel
ur Distance between front right wheel to upper laser sen-m
sor of front right wheel
. Look-ahead distance of driver m
m Total mass of vehicle kg
M, Self aligning torque (SAT) Nm
M,;  Self aligning torque in adhesive zone N/m?
My, Residual torque Nm
n Sholder exponent in contact pressure aQel,(x; n,q) -
Pmax ~ Maximum pressure of contact area Pa
q Compliance of front inclination in contact patch -
q Heat flex W
R Radius of curvature m
r Yaw angler velocity rads
le Effective free rolling tire radius m
n Boundary coordinate ratio between the adhesive zone-
and the sliding zone of contact patch
S Slip ratio (Positive : Braking) -
S Laplace variable
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Symbol Description Unit
Sh Horizontalshift of Magic Formula -
Shi Horizontal shift of pneumatic tralil -
Skt Horizontal shift of residual torque -
SHxe Horizontal shift of longitudinal force of Magic Formula -
under combined slip condition
Shwys  Horizontal shift of lateral force of Magic Formula under -
combined slip condition
s.m.  Static margin -
Sy Vertical shift of Magic Formula -
Svys  Vertical shift of lateral force of Magic Formula under -
combined slip condition
T Tire surface temperature °C
t Pneumatic trail m
t time S
To Tire surface average temperature during the test mea=C
suring the tire force parameters
Th Time constant of phase lead as driver-steer system
Tk Time constant of phase lag as driver-steer system
TR Road surface temperature °C
u Longitudinal velocity of vehicle c.g. m/s
Uo Longitudinal constant velocity of vehicle c.g. m/s
Us Additional steer angle using front active steering sys-rad
tem
\% Velocity of vehicle c.g. m/s
% Lateral velocity of vehicle c.g. m/s
Vo Velocity of tire belt m/s
. Critical speed m/s
f Velocity of road surface m/s
Vs Slip velocity vector -
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Symbol Description Unit
Vex Slip velocity of x direction my/s
Vsy Slip velocity of y direction m/s
W Heat capacity JK

w Contact patch width

X1 Longitudinal distance from front contact edge m

X1 Non-dimensional longitudinal distance from front con- -
tact edge

Xb x coordinate of the point of belt m

Xy x coordinate of the point of road surface m

Yo Lateral bending stiffess of tread base N/m

V1 Lateral distance of contact patch from rim center

Yo y coordinate of the point of belt

Vr y coordinate of the point of road surface

a Slip angle of tire rad
Qe Effective slip angle rad
af Slip angle of front tire rad
s Slip angle of front left tire rad
A Slip angle of front right tire rad
ar Slip angle of rear tire rad
B Slip angle of vehicle c.g. rad
Of Steer angle of front tire rad
o Steer angle of front left tire rad
Ofr Steer angle of front right tire rad

AX x component of the distance between road surface andn
belt

AY’ y component of the distance between road surface andn
belt

€ Deflection compliance of belt 1/Nm
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Symbol Description Unit
n Relatve change ratio of contact patch length with -
change of camber angle
y Camber angle rad
Ve Effective camber angle rad
Vil Camber angle of front left tire rad
Vil Camber angle of front right tire rad
A Thermal conductivity W/m2K
u Friction codficient of tread rubber -
B Braking force coefficiert= Fy/F,] -
U Sliding friction coefficient of tread rubber -
Hdo Sliding friction coefficient of tread rubber ¥t= 0 -
Us Adhesive friction co#ficient of tread rubber -
w rotational angler velocity rads
wn Natural frequency rads
) Non-dimensional slip angle -
) Roll angle of vehicle rad
Yaw angle rad
Ts Dead time of driver-steer system S
0 Direction of friction force rad
& Compliance of contact patch shift m/N

¢n

Damping ratio -
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Fig. 1 Definition of motion of the wheel and the forces and moments acting from the road

on the wheel
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Fig. 1.2 TNO tire test trailef)
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Fig. 1.3 Indoor test machine for tire force and moment measurement (MTS Flat-THyc®
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Fig. 2.1 Bicycle model in a cornering manoeuvrer
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Fig. 2.3 Handling diagram resulting from normalized tire characteristics.
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Fig. 2.6 Control signal flow of active front steering control system
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Fig. 2.8 Tire deformation of FIALA model

O0000ODODODODODODOOODOOO0OO00000000000lL<x 10000000
O000000oooOooOooOO0OC0eOO0OOOODOOODOOIODDOOUOODDOOOW
goboboogooooboogan
gboogbogbogbuogbooobooboobobbobbobbobbobobod
29000000000 O00bDO00obLDO0o0oDODOobOOOobOoOobDOobLbOObbOUODbOoO
gobbooooobboboooon
goooooooooboooooooooooooboooooono RyOoOooogoo
ggobbbobbouogoooobbobboooooobbobbooooooboo

godogooooogno
dy

Elzw

+ky=0 (2.48)

0000000000000 0000000000x=00dy/dx=0000000
ggobbbobodgogoobbbbouooogoboobbbooooooboo
gobobooon

A .
Yib = o Fye™ (Cosax + sinx) (2.49)
Y
1 [k \}
godd A= —|= 2.50
(e e



23. JO000OOoOooooboobobooo 35

[Front View] [Bottom View] [Elastic Beam Deflection]
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Fig. 2.9 Deformation of belt and sidewall during cornering, and their elastic beam approx-

imation. The tire illustrations are in an extremely stretched view for clarity.
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Fig. 2.10 Relationship between normalizég and normalizedr

Fig. 2.11 Relationship between normalizéd, and normalized
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Fig. 2.12 Tire model while braking
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Fig. 2.14 Braking force characteristics with vehicle velocity change on wet road
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yr = Vitsina (2.94)

0000000000000 00000000000t00000 (X, yb) O
Xp = Vit (2.95)

Yo =0 (2.96)

000000 oooooo XOYyooood AXODAY OOoooooo
oood
AX" = (V, cosa — Vp)t (2.97)

AY' =V tsina (2.98)

Ubooboooobooobovit=x000000 Ww=xUoooooooooooog
ooo0o@Erw)oooooooobbo es4)oogopboooooooboooo

Oo0g (S>0)
AX' =Sx (2.99)
AY' = X sina (2.100)

0O0g (S<0)
AX' =Sx (2.101)
AY' =X (1+ S)tana (2.102)

gobbbouoodgbbbooodabn

oono
f,u = CS % cosa (2.103)
fy1 = Cx sina (2.104)

ood
fiu = CSx (2.105)

fyl =Cx (1 + S) tana (2106)
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O000000000000000 FeOO0O0 FpO0O00 fq0f, 000000000
oooooooool,oOoooooooooooooo

ood
Ih
Fa= WCS % cosadxg (2.107)
0
In
Fyl = f WCX]_ Sinadxl (2108)
0
odd
Ih
Fxi = WCS xdx (2.109)
0
Ih
Fy1 = WCx (1 + S)tanadx, (2.110)
0

000000000000 SATM,0000000(ZO)00000 fu0 f,00
0D0000000000000000000000000
000

Ih I
M, = f wC [xl Sina (xl - E) - (yo + %tana) Sxy COSCY] dxg (2.111)
0

oo

Ih I
M, = f wC[xl tana(l + S) (xl - E) — (yo + %tana) le] dxq (2.112)
0

000y, 0 021600000000000000000000000000000
0D000GO00000y=F,/G,0000
0000000000000000000000000000000000000
0ooo
(usp)® = 4 + 13 (2.113)

000oo0o0oooOoOo LZWooobhoOd eo0OO0oO0 SOOooooooooog
gobboboogoobbodao

lh=1(1- Viarta + 52 (2.114)
3uskF;
2
nooo k=W (2.115)
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oooooooobooovoooooooo vyooooooo V,OOooo o 2.16
O0o00o0oodooooooooo(@oooooooa)d
000000000000 e0O0OooDOSO0DO0O00 o0 0000 OoODODOOO
ooogo
Stan6 = tana (0=06=n) (2.116)

Oooooobbod Fe 00000 FpeOOoooooo XooooooyYooo
gobbbouoggobbodo

|
Fx = f HdWPCOosadx (2.117)

In

|
Fyzzf,udwpsinedxl (2.118)

Ih

O00ooo0 SATM D000 O00bO BCOODOODOOooooooooooo
gboobobbobooboobgooboobobbobooboobd

I —
M, = f ,udwp[— ()I(hl ll Inhtana + yo) cost + (xl - IE) sin@] dx; (2.119)
In -

obooboboooooobooooobo sbobobueebobbobonoonbog
OooooopDoboboono sATObooooooog
oo

Fy = KS (In/1)? cosa + ugF, (1 —1n/1)? (1 + 2l,/1) HS (2.120)
Fy = K (In/)?sina + ugF, (L - 1n/1)? (1 + 2ly/1) H tana (2.121)
M, = K (In/1)?[(4l, — 3l) sine — 6y,S cosa — 2Sk, sina] /6

—aF,S H[(l — /D2 (L + 3ln/D Intana/2 + yo (1 — 1n/1)? (1 + 2|h/|)]

—ugFH (L= 1/D?(1/1)? | tana (2.122)
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Fy = KS (In/1)? + Foug (1= 1n/D? (1 + 2I/1) HS (2.123)
Fy = K(1+S) (In/1)?tana + ugF, (L - 1n/1)? (1 + 2Ip/1) H tana (2.124)
M, = K (In/D?[(1 + S) (4l,, — 3I) tana — 6y,S — 2S htana] /6
—aF,S H[(l — /N2 (@ + 3ln/D Intana/2 + yo (1 — 1n/1)? (1 + 2|h/|)]
(2.125)

—ugF,H (1 - |h/|)2 (|h/|)2| tana
1

oo H:—D|h:|(1——\/tan?a+82)

Vtart a + S2 3uaF

O0000o0oD 0 21000000000000000 2170220000000

gobobouooogboo

Table 2.1 Values for calculation of Sakai model

Symbol| Value | Unit || Symbol| Value | Unit

F, 4,000 N | 0.213 | m

K 57,200| N/rad Gy 250,000{ N/m

Us 1.0 - Ud 0.7 -
z
=
/-S Slip Angle[deg]
02 Ol 0 Oil Oi2
Slip Ratio [-]

Fig. 2.17 Examples of simulation results (slip ratio vs. lateral force)
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Slip Angle[deg]
— 37
pzd 0
=,
x
L

051 0.:2
Slip Ratio[-]

Fig. 2.18 Examples of simulation results (slip ratio vs. longitudinal force)
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-40

\

Slip Ratio[-]

M, [Nm]

b 0.2

Fig. 2.19 Examples of simulation results (slip ratio vs. SAT)

Fy [KN]

=3

Slip Angle [deg]

F, [KN]

Fig. 2.20 Examples of simulation results (longitudinal force vs. lateral force)
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Slip Angle[deg]

Fig. 2.21 Examples of simulation results (longitudinal force vs. SAT)
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00O 0 Magic Formula
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Sef Aligning Torque .. /Braking Force
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\ ’/"SHpAngIe
\ ’ Slip Ratio

Lateral Force

Fig. 2.22 Basic form of steady-state tire characteristics

y = Dsin(BX) (2.126)

O0O00yDOoOOOSATOOOOOODOOOxDODOOODOO (yDOOODOOoOoO
(S OOoo00UU0UdUdoooOo0o00UU0UUO xooooooooooooooooo
0000 (2126)0 0 2220 0000000000O0xO0000C0C0000DOCOOO
0000000000000 00 (2.126)0

y = D sin [C arctan(BX)] (2.127)

000000000000000000000000000000 Magic Formula’
00000000000000000
000 (212700000D000000000000000000000 B-C-D
000000000CO00000000000000000000x0000000
000000 (2.127)0

M”:mny:DgnEC] (2.128)

X—00

00000000C=200000
Yoo =0 (2.129)

go00ooOocOUboboobobuouobooboobouobuobosATOODODOOODOO
gobbooooobbodad
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000000000000000000000 ®=(1-E)x+(E/B)arctanBx) 0
0000 0 (2127)0 x0OOOOOOOO0OO (2.127)0

y = Dsin[C arctan{Bx— E (Bx— arctanBX))}] (2.130)

gooo
ggobobobobbobodoooooobbbobobbotbodoooooboooan

gogobbbbbobbbboood xbbbbybbouoouoooooobbobooo

gobbbooodobbbuoooobbod

y(X) = Dsin[C arctan{Bx — E (Bxarctan(Bx))}] (2.131)

00 Y(X) =y(X) + Sy X=X+3Sy (2.132)

00000000 MagicFormulaD OOODOOODOOOOOOOOOOOOOO0 O 2.23
ggog

Y A l’ix

arctan(BCD)

-

Fig. 2.23 A typical tire characteristic indicating the meaning of the fioents of Egs.

(2.131) and (2.132)
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StiffnessFactor--- BCDO OO OO OODOODOODO Stiffness] 00O

C: ShapeFactor-- D 0OODOOOOOOOODOOODOOO C=13000
O00000C=16500SATOODO C=240000000

D: PeakFactor-- 000000000
Curvature Factor-- DO OO OOO0O0O0OO0OO0OOO0ODOO

Sh: Horizontal Shift--- OO0 000000000000 DOOOOOOOOO
dobooodoooooooooooon

Sy: Vertical Shift--- 0000000000 O0OO0ODOOOOOODOOODOO
Joodoooooooooooood

goboobooooooooooobooboobboobooboooobDoocoooboog
gogobbooboboooogobbbobbuodooooobbobouoooooobo
gobbboogooobboooobbobooogbon

Delft Tyre96 0000000

Oobo0obobO0ooboooboobboobbOobbobboooboboDUOooDooDOo sAT
gobbooobbuogobbooobbooobobbuooobboooboobobogon
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Mzo =-t- FyO + Mzr (2133)

t(a) = Dy cos[Ct arctan{B[at — E,(Bi — arctan&at))}] (2.134)
M,, = D, cos [arctanB; ;)] (2.135)

Yoo = D cos[gct] (2.136)

Oon0 ay = @ + Syt @y = @ + Sy (2.137)

O00oooobobooooog SATO 00000000 b0b0 b 2240000
0000 (2134)0(2.136)0 00000 225000 00000SATODOOOODOOO
O0000O0DO00O00O0 SATOODODO0OOOoOOobOOoboboobooooooo
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Fig. 2.24 A typical tire SAT characteristics indicating the meaning of thefiécoents of
EQs.(2.134) and (2.136)

<
“Sht
Fig. 2.25 The images of SAT characteristics. Upper: the product of lateral force and pneu-

matic trail, Middle: residual torque [EqQ.(2.135)], Lower: pneumatic trail
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gogoobooooooo

O000000O000PureSlipd 000 cosinel 000000 O0OOOO Combined
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G = Dcos[C arctanBx)] (2.138)

O0000000D0O0000O0CombinedSli@d OO00OOOOOOOO0OODDOODO 2.26
O0oo0oooo0oooo0oooobo0oogoboooooooooDO (2.138)0 Pure
Sipd00OO0O000O0O0obOOoO00oDboOoooOoooboooooDooboOoo
O00e=0000F0O0S=0000F0000PureSlipd000000000O
goobooooboobobi1oboooooboooboobooboooooboboboboo
goooo

O000000000Combined Slipd 0000 FOFy, O Pure Slipd 0000 FyO
FoOdOOOOOOOOOO0o0

oo

FX = FXO * GXLY (a, S, Fz) (2.139)

_ cos[Cy, arctanBy,as — Ey, (Bxeas — arctan(By,as))}]
- COS[Cxa arCtan{ BmSHXa - Exa (BXaSHm - arCtar(BmSHXa))}]

(2.140)

Xa

Qs = @ + SHxy (2.141)
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Fig. 2.26 3-Dimensional graph of combined slip force characteristics



24, JO00o0OO0O0OO0OOoODOobDOobOoboboooboo

00
Fy = Fyo- Gys (@, S.7, F,) + Suys
G- cos|C,s arctanBysSs - Eys (BysSs - arctan(BysS:))|]
cos|Cys arctan B,sShys — Eys (BysShys — arctanB,sSuys)) ||
Se=S - Spys
SAT

M; = —t(ateq) - Fy + Mar (areq) + S(Fy. ) - Fu
t(teq) = Dy COS|Cr arctan B eq - Ei (Biarteq — arctar(Buareq))}| cos(e)

M, (ar,eq) =D, cos[arctar( Bta,,eq)] cos(a)

K 2
Qteq = arctan\/tan2 a; + (?X) S?2. sgngy)
y

K 2
Ureq = arctan\/tan2 a + (?X) S%- sgn(a)
y

59

(2.142)

(2.143)

(2.144)

(2.145)
(2.146)

(2.147)

(2.148)

(2.149)
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Fig. 3.3 The principle of the slip angle measurement
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Fig. 3.5 Measurement system of tire forces, torques and attitude angles
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Fig. 3.6 Example of relation between vertical load versus slip angle when vehicle running
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Fig. 3.7 Example of relation between vertical load versus slip angle while vehicle running

with dead weight
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Table 3.1 Initial load condition of the experimental vehicle

Vehicle+ Driver | Vehicle+ Driver | Vehicle+ Driver

+ weight200kg | + weight400kg

FrontLeft Tire 5.45kN 5.96kN 6.42kN
FrontRight Tire 5.66kN 6.15kN 6.70kN
RearlLeft Tire 5.45kN 5.96kN 6.51kN
RearRight Tire 5.15kN 5.59kN 6.06kN
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Magic Formula0 0000000000 (3.1)0(8.90 0000000000000
000000000000000000000000000000

Fy"(X) = Dsin[Carctan(Bx— E (Bx— arctan(Bx))}] (3.1)

Fy(@) = Fy'(X) + Sy (3.2)
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Fig. 3.8 Test result (slip angle vs. lateral force)
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Fig. 3.9 Test result (slip angle vs. vertical load)
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X =a+ Sy (3.3)

C = a (3.4)

D = (aF/ + aF,) (1 - a15?) (3.5)

BCD = agsin(2 arctan(F,/as) (1 — aslyl)) (3.6)

E = (asF; + a7) (1 - (ausy + a17) sgn(a + Sp)) (3.7)
Sh = (agF; + a9 + aioy) F; (3.8)

Sy = auF.® + anF, + (asF” + awF.) y (3.9)
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gobooobooboboboobooobobobobooboooobobboooooD 8120

god

oobooboboooooobo silgogoobooobooboboboooobooboo
gboobboobodoboobbuooboobboobooboooboobod
gogobbbboddogoobboobobbooooooboobbuoooooooboo

gobbbooggbbobuoooobood

343 U00O0OO0O0OODDOOODbOOOoOODDbOOO

gogoboboobbooooooobboobboogogobobobbboooooad
goobooooooooobooobooboboobobUbOUbObUObUobUoDbDOon
ggobboboboogooobbbobboooooobboobbbooooooboo
gobbbuooobobboooobbobooogbon



74 030 0O00O00OO0bDOobOobOobooooooooooDo

- = Fz=3(kN)

=

o

Lateral Force(kN)

1
N

Slip Angle(deq)

Fig. 3.12 The identified results with constraint conditions of Egs. (3.10) and (325 (
O[deq])

a;7=0 where y=0 (3.12)
Sh=S,=0 where y=0 (3.13)

000000000000 0[degJ00000ON]OODODODOOO00O0OO0 O[deg]
000000000000 00000000000000000000000000
00 3130000

000000000000 0000000000000000000000000
0000000000 00/000000umd00000000000000000
0oO0oooooo

00000 3.14000000000000000000000000000000
0000000000000000000000

00000000000000000000000000S,000S,000000
000000000000000000000000000000000000000

ISh/¥1 = 0.1(deg) (3.14)



34, 00OO0O0OO0O0ODOOO MagicFormulaD OO OO0O0O0OOOO 75

3| == Fz=3(kN) |- - -~
——  Fz=6(kN)
ot | == Fz=9(kN) |- - - -

Lateral Force(kN)

-20 10 0 10 20
Slip Angle(deg)

Fig. 3.13 The identified results with constraint conditions of Eqgs. (3.10), (3.11), (3.12), and
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Table 3.2 Tire test machine specification

Maximumtire size 910mm
Maximumspeed +250kmh
Maximumvertical force 25,000N
Maximumlongitudinal force +10,000N
Maximum |ateral force +15,000N

Maximumover turning torque  +10,000Nm

Maximumaligning torque +2,000Nm
Maximumspindle torque +2,800NmM
Maximumslip angle +30dey
Inclinationangle -12dey to +45deg
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ooooog 3i1sb03ledoonooooooooonooon
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Fig. 3.22 Measurement method of camber angle
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Table 3.3 Initial camber angle conditions

Setof lower arm || Left[deg] | Right[deg]

Originalarm 0.68 -0.68
Longarm 3.26 -2.70
Shortarm -1.79 1.79
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Fig. 3.23 Measured results (slip angle vs. vertical load)
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Fig. 3.24 Measured results (slip angle vs. camber angle)
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Fig. 3.25 The identified results of lateral force using the test data in this section

Fig. 3.26 The identified results of lateral force using the data on the flat belt test machine
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Fig. 3.28 The example of tire input pattern using tire test machine
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Fig. 4.1 The example of lateral acceleration and steering angle of the fish hook test
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Fig. 4.2 Maximum lateral acceleration of 1st peak on fish hook test

Fig. 4.3 Test sequence for measuring lateral force
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Fig. 4.4 Testresults of diffrent skip angular velocity (slip angle versus tire surface temper-

ature)

Fig. 4.5 Test results of diffrent skip angular velocity (slip angle versus lateral force)
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Fig. 4.8 Measured results oV [Vertical load:4600N]
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Fig. 4.14 Simulation results of slip ratio vs. braking force using traditional model and

developed model [Vertical load:4600N]
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Fig. 4.15 Measured data and simulation results of slip ratio vs. braking force [Vertical

load:4600N]

Fig. 4.16 Measured data and simulation results of slip ratio vs. tire surface temperature

[Vertical load:4600N]
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Fig. 4.17 Measurement sequence for lateral force tire model and comparison between mea-

sured data and simulation results
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Fig. 4.21 Measured data and simulation results of tire force and tire surface temperature

under the combined condition
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Fig. 4.22 Steering angle of “Fish Hook” pattern test
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Fig. 4.23 Lateral acceleration on “Fish Hook” pattern test comparing tiffewdint tire sur-

face temperature

Fig. 4.24 Simulation resutls of lateral acceleration on “Fish Hook” pattern test comparing

the difierent tire surface temperature
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Fig. 4.25 The second peak value of lateral acceleration comparing the test results and sim-

ulation results with theféect of tire surface temperature
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ep31) change with exponent i 1) Dg_‘p(f;n.q} change with coefficient ¢

(n=2,3,4,5, 6.at ¢=0) (g=0,0.2, 0.4, 0.6, 0.8, 1 at n=4)

Fig. 5.1 Generalised skewed parabdlgst; n, g) for description of contact pressure pro-

file in circumference direction

Fig. 5.2 Verification of new concept tire model (called Neo-FIALA tire model) comparing

measured data {Hand model fitting results (solid line)
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Fig. 5.8 Calculation flow of lateral forc&, and SATM,
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Fig. 5.9 Identified results of lateral forcey, SAT M, and circumferential contact pressure

profile for Tire A
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Fig. 5.10 Identified results of lateral forde,, SAT M, and circumferential contact pressure

profile for Tire B
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profile for Tire C



5.4. Combined Sligd OO OO Neo-FIALAO OO 129

5.4 Combined Slipd O 0O 0O O Neo-FIALA OO 0O

520530 00000000000000000000000000000000
D000000000000000000 CombinedSlipd0000000000O0
0000000000000000000®)a4g

0000000000000000000000000000

1. PureSIipd 0000000000 DOOCOOOODOOQC Combined Sligd OO
gobbooogboo

2. CombinedSlid00O0OO0OCOO00O00ODOCOOOOOODODOODOO
god

3. bobouoboooooooboboooboobooboooboooogoo
gobobooogboo

4. PureSlipD0O0O0OO0O0OOSATOOODOOOM,O0000000DO0COO
O0000O00OOCombinedSligdOO0OOOOOO FOODODOOOOO
goboobod

gbogboobbouodbouoobobobboboboobuogbuooboobood
gobbbbbouoooooobobbobbooooooobbbouooooobo
oooobooboobobooooogogobosaz2o0000

541 0DO000O00ODO CombinedSlipO0O00O0OO0OO0OO0ODOODOODOO

1. OO0O0000000000nO000000000 Dgse*;n,0)

Dgsp(X1;N,0) = (1 - 12% — 1) [1 - q(2% - 1)] (5.29)

2. 000000000000 ROOOOOOOOO((@QODOOO0OO0O000 q0
00 x0000000)

q=—CqFyx (5.30)

X

|

1
=5 + CycFx (5.31)



130 050 0OO0O0OO0oOoobOobOobobobooooboobOobobobooogoon

3. 00000 «00D0OOMUO0D0O00O0O0OO0(@MUDOUOOD ae0DOO)

M,
Gmz

(5.32)

Qe =+

4. O0D0ODO0Onrm=IlylO0O00O[m<O0OOOrR=000000000000]

212 n+1
Kyl [82 + {tanae - elFy (1- (1 +S) 1)) ] = 2 uFDgsp(nind)  (5.33)

5. Dooooooooobooboboboe

0 =tamt (_ta%) (5.34)

6. J0U0D0O0ODOO OO Ooooogono

V{L+(S2-1)coda)”

5.35
1- I ( )

ﬂd(S, a, V) = Hdo — @y -

7. DO0DOO0OOO0OOODODOO0OD0OD F(S,,V)

1
14(S, @, V)F,cos f Dgse(X1; N, q)dX; (5.36)

Th

n+1
n

Fu(S, @, V) = K,r2S -

8. D0O00OOO0UDOOOO0ODOO F(S,a,V)

Ih
Fy(S,a,V) = 2K, f | % tanae — elFy(1 + S)% {1 - (1+ S)%)} | d%y
0

1

14(S, @, V)F,sing f DgsplX2 ; N, Q)dS, (5.37)

fh

n+1
n

+

9. 0000000000 SATMLS,a,V)

h
M(S, @, V) = —12A, f [)Zl tanae — elFy (1 + S) X {1 - (1+S) il}] dx;
0

n+1
n

1
o(S. 2. VIFAsind [ Dl in.a) (% - )
0]
n+ 1- )?1
dx
1-r4 .

AAS(rn)* - .

1 1
uq(S, a, V)F,l coso f Dgs(X1 ; N, Q)

h

(5.38)



5.4. Combined Slipgd O O OO Neo-FIALAO OO

Y1

b (a) Pure Cornering

Adhesive ———

131

Shear
deformation

-

Contact Patch
/
w
Qe
- I -
— l !
Y14 (b) Combined Slip

Adhesive ————

P

Contact Patch

L

—_— 1

— Belt
deflection

Shear
deformation

oy

Qe

A
h

~1

—_— 71

— Belt
deflection

fy? [Lateral Force]
Shear stress Static friction
o1 curve
¢ 1
Ry Sliding friction
Ry curve
2> Adhesive Sliding
0 ;1, lh l 51

Fig. 5.12 Deformations of tread rubber and tread base during cornering at small@ngle

(a), during cornering and breaking simultaneously (b) and the lateral force profile
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Fig. 5.13 Calculation of longitudinal forc&,, lateral forceF, and self-aligning torqué/,

under combined slip condition using Neo-FIALA model
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Table 5.4 The structural parameters of Neo-FIALA tire model calculated by measured data

under pure slip condition

F,= F,= F,=
2.9[kN] | 5.0[kN] | 7.1[kN]
Ky(= K,)[KN] || 98.4663| 224.122| 343.71d
AJkNmyrad] || 1.5582 | 2.3243 | 10.162

Lis 1.9002 | 1.9439 | 2.1131
g[S =00] || 1.1210 | 0.9980 | 0.9717
g[S = 05] || 0.9697 | 0.8799 | 0.8595
g[S =1.0] || 0.8185| 0.7619 | 0.7473

n 4.3074 | 4.3510 | 5.1710

Cq 0.0006 | 0.0571 | 0.0373

Cre 0.0022 | 0.0022 | 0.0022
Cy[kN/m?] 189.170
e[1/kNm] 0.0248
GmdkNm/rad] 19.585
k,[KN/m?] 176.82

El,[KNm?| 2.4432
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Fig. 5.19 Results of longitudinal force vs. lateral force under combined slip condition
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Fig. 5.20 Results of self-aligning torque vs. lateral force under combined slip condition
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Fig. 5.21 Results of self-aligning torque vs. lateral force under combined slip condition
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Fig. 5.22 Results of self-aligning torque vs. lateral force under combined slip condition
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with camber angle (lower), Tire size: 185R15 91H, Inflation pressure: 200kPa
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Fig. 5.24 Modeling of contact area
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Fig. 5.25 Deformation of contact area as cornering with camber apgle
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Fig. 5.26 Tire deformation without side torsional shffss(left) and with torsional stiff-

ness(right)
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Front-inclination of contact pressure
and backward-shift

f\ of contact patch
[INPUT] o x [OUTPUT]

Longitudinal Force F
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|
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The Processes (f1-13) Torgue
are combined.

Sidewall rotation (vertical) }1—"\—

Belt deflection (lateral)

Self Aligning Torque M.
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Fig. 5.27 Calculation of longitudinal forc&,, lateral forceF, and SATM, under combined

Camber Angle =

(4 Radial Deformation

Sidewall rotation (lateral) }4—

+

= Another Effect of
a Trapezoidal Contact Area

[]

slip with camber angle condition using Neo-FIALA tire model
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Table 5.11 Parameters of base model [Tire size: 205/55R16 89V, Inflation pressure:

230kPa, Velocity: 80Kkrn]

Symbol Unit Value
Cy kN/m3 || 9.23x1d
C; KN/m?3 7.96x10

€ 1/kNm || 2.18x10°2
Gmy | kNm/rad|| 3.68x10*
Gmz | kNm/rad || 1.16x10

Table 5.12 Parameters of base model [Tire size: 205/55R16 89V, Inflation pressure:

230kPa, Velocity: 80Kkrtn]

Symbol | Unit Value

Fz:2.2kN | Fz:4.0kN | Fz:5.7kN
I m 0.0824 | 0.1164 | 0.1467
w m 0.1612 0.1612 0.1612
h m 0.3048 | 0.2971 | 0.2898
n - 3.509 4.000 5.353
q - 0.073 0.315 0.722
Ky kN 46.03 91.10 140.96
C, kN 1.899 5.352 10.724
Us - 1.561 1.609 2.291
Ud - 1.016 0.942 0.705
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Fig. 5.28 Compare lateral force with base model and measured results
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Fig. 5.29 Compare SAT with base model and measured results
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Fig. 5.30 Compare lateral force with calculation results and measured data [Camber angle:

4deq]
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Fig. 5.31 Compare lateral force with calculation results and measured data [Camber angle:
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Fig. 5.32 Compare SAT with calculation results and measured data [Camber angle: 4deg]
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Fig. 5.33 Compare SAT with calculation results and measured data [Camber angle: -4deq]
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